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Abstract 
Background  
 Ultrasound guidance is strongly recommended for the safe conduct 
of regional anaesthesia procedures. It is safe, now has adequate spatial resolution 
and provides real time visualization of local anaesthetic spread. However, the risk 
of nerve trauma still remains. A recent meta-analysis of randomized controlled 
trials has described the incidence of transient neuropathy secondary to Ultrasound 
Guided Regional Anaesthesia (UGRA) in 7% of patients, probably related to nerve 
trauma.  Limited acoustic contrast of tissues, poor visibility of the needle and the 
limited detail resolution of the ultrasound probe are contributory factors. Micro-
ultrasound techniques are increasingly used for high resolution small animal and 
human tissue imaging as anatomical structures may be visualized in greater detail 
compared to conventional B-mode ultrasound. However, microultrasound imaging 
of real time of UGRA has not been conducted and our hypothesis was that 
subepineurial and subperineurial tissue could be identified using this technology. 
Nevertheless, questions remain as to how well micro ultrasound imaging is able to 
visualize nerve anatomy and the tip of needle in real-time. The aim of this study 
was to investigate cadaveric nerve models and microultrasound imaging as 
effective tools for determining the mechanisms of nerve trauma caused by 
intraneural insertion of anaesthetic needles. 
 
Methods and Materials 
Nerves resected from Thiel, soft embalmed human cadavers (Thiel nerves) and 
fresh cadaveric human nerves (Fresh nerves) were used in the study as specimens. 
Microultrasound scanning using a 30 MHz and 45 MHz transducer, gave an image 
resolution approaching about 100 μm. The radiofrequency (RF) data obtained was 
processed in MATLAB software to generate 2D and 3D images of the nerves.  The 
visualised anatomy was validated with histology sections, taking into consideration 
the size of the nerve, number and size of fascicles, their pattern and distribution in 
the nerve. Since the microultrasound images were being validated using histology, 
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some optimization was needed in histology techniques as well. The optimization 
was necessary as, the specimens used were Thiel nerves and fresh nerves. 
 
Results 
The microultrasound images showed the external shape and size of the nerve and 
distinct fascicles of size greater than 0.5 mm. Statistical analysis of the repeated 
measurements of the nerve diameter was done. Anatomical features such as the 
size, and shape of nerves and fascicles as well as epineurium and perineurium were 
similar in microultrasound and histology images. Also it was found that fresh 
cadaveric nerves and the recently embalmed cadaveric nerves (< 12 months) can be 
used as models for the study of regional anaesthesia. Needle insertion experiments 
showed that the fascicles tend to move away or split when a needle is inserted into 
the nerve. 
 
Conclusion 
Microultrasound has been validated with histology sections as a means of imaging 
nerve cross sectional anatomy. The preliminary needle insertion experimental 
results demonstrate mechanical damage when a needle is inserted into the nerve. 
Data suggests that microultrasound has potential for real time imaging of the 
internal structure of the nerve during regional anaesthesia. The resolution of the 
images can be improved with optimization of the microultrasound imaging. 
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Chapter 1 
Introduction 
 
 Anaesthesia means loss of sensation of feeling. In performing anaesthesia, 
the anaesthetic drug is administered either by inhalation (general anaesthesia) or 
by injections (regional anaesthesia) which will eradicate all sensations including 
pain, so that all the surgical and medical measures can be carried out without 
causing any stress or discomfort to the patient (G. McLeod et al., 2010). The 
practice of anaesthesia mainly concentrates on relief of pain and distress. There are 
several types of anaesthesia: local anaesthesia, general anaesthesia, regional 
anaesthesia and epidural anaesthesia.  
 
 Regional anaesthesia is a mode of anaesthesia whereby a limb or anatomical 
region is rendered insensitive by application of anaesthetic agent around peripheral 
nerves using fine needles (22G). The optimal place for delivering anaesthetics in the 
case of regional anaesthesia is around the nerves. Ultrasound Guided Regional 
Anaesthesia (UGRA) is growing in popularity because of the spatial resolution which 
enables imaging of peripheral nerves (Zhu, Padua, & Hobson-Webb, 2013), and 
successful nerve block, accelerating surgical recovery (G. McLeod et al., 2010). 
Ultrasound is the preferred guiding technique for the anaesthetic needle as it helps 
the clinicians visualize the target nerve, the structures around the nerve and the 
spread of the anaesthetic agent can be monitored real time.  However a recent 
meta-analysis of 47 randomized clinical trials (Munirama & McLeod, 2014) has 
shown an incidence of transient neuropathy >7% of patients using either UGRA or 
traditional peripheral nerve stimulation. Nerve stimulation is normally used for 
locating the nerves while the regional anaesthesia is performed. In nerve 
stimulation technique, a small electric current is applied through conducting needle 
and a return electrode. If only a small intensity of current is required to evoke the 
response, then it means the nerve that to be located is in close proximity. More 
details of nerve stimulation are explained in section 2.2. There is limited literature 
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explaining the rate of nerve damage and also the consequences of the nerve 
damage caused by the anaesthetic needles. According to Brull (2007), the 
estimated neuropathy due to peripheral nerve block was around 3%(Brull, 
McCartney, Chan, & El-Beheiry, 2007). 
 
 Regional anaesthesia is considered as the best means towards quick surgical 
recovery. Nevertheless it also brings the risk of neurological complications by 
needle puncture using anaesthetic needles. Even though ultrasound is used as an 
imaging modality for guiding the injection needle into the human body, there are 
still difficulties in visualizing the needles especially the tip of the needles as well as 
the nerve and the nerve sheath. Figure 1 shows B-mode real time image of a nerve 
block performed. The nerve block is performed on median nerve. The image clearly 
demonstrates the difficulties faced by the clinicians in differentiating the nerve and 
the surrounding structures, and difficulty in visualizing the tip of the needle. 
 
 
Figure 1.1: B-mode real time image of median nerve block during UGRA 
 Thus there is significant risk that the needles might puncture the nerves causing 
inhibition of the nerve function or neuropathy (G. McLeod et al., 2010). It can be 
very difficult to identify the anatomy of the nerve structure even with image 
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guidance as it is difficult to differentiate between the surrounding fat tissue and the 
nerves because of their similar echogenic properties (Einar 2009).  
 
Nerve anatomy is illustrated in the schematic diagram in Figure 1.2. Each nerve is 
made up of a bundle of fascicles; the number of fascicles and the size of each 
fascicle depend on the location and type of the nerve (Bianchi, 2008). The number 
of fascicles in a single nerve can vary from 2 to more than 20 depending on the 
gender, size and location of the nerve. The blood vessels in the nerves supply 
enough nutrients to the nerve in order to meet its energy requirements to transfer 
impulses.  Each fascicle is protected by a layer called the perineurium. The nerve is 
protected by an outer connective tissue termed the epineurium. Current clinical 
thinking is that mechanical damage is attributed to insertion of anaesthetic needles 
intrafascicularly (into the fascicles or subperineurial injection), but that inserting the 
anaesthetic needles interfasicularly (in between the fascicles or subepineurial 
injection) spares nerve damage (Bigeleisen, 2006a)However, no clinical test is able 
to accurately detect or differentiate between subepineurial or subperineurial 
injection during UGRA. While accidental nerve trauma during UGRA may be 
attributed to difficulty visualising the needle tip and similar acoustic impedance 
between adjacent tissues, resulting in limited image contrast to visualise the nerve 
there is also insufficient resolution to differentiate between structures within the 
nerve (Einar 2009) since clinical ultrasound systems use frequencies up to about 12 
MHz providing an image resolution of 300 μm at best. 
 
When using conventional ultrasound systems, resolution of the system is of primary 
concern as resolution is always compromised with penetration depth. As a solution 
to this micro-ultrasound imaging would be preferable for guiding needles while 
performing regional anaesthesia, if the nerve is within the imaging depth. Micro-
ultrasound techniques are becoming increasingly popular for high resolution small 
animal and human tissue imaging because more detailed tissue structures can be 
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visualised compared to conventional clinical systems (Foster, 2012; Kuffler, 2010). 
At a frequency of 30 MHz, the image resolution is approximately 100 μm.  
 
 
 
 
 
Figure 1.2: Schematic diagram of the needle inserted into the nerve (a) 
interfasicularly (in between the fascicles or subepineurial injection) (b) 
intrafascicularly (into the fascicles or subperineurial injection) 
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For the current study, images were obtained with a single element transducer 
mechanically scanned across the tissue to build up a 2D cross-section image from 
the raw radiofrequency data lines received by the probe (Chapter 3, Figure 3.1.). 
With the continuing development of advanced systems and transducer array 
probes, image quality may be further improved, real time micro-ultrasound images 
may be generated, and elastography used to generate a map of tissue stiffness at 
near-cellular resolutions. However, questions remain as to how well micro-
ultrasound imaging is able to visualise nerve anatomy and the tip of needle in real-
time. The hypothesis was that subepineurial and subperineurial tissue can be 
identified and delineated using microultrasound scanning.  
The Ultrasound group of Institute for Medical Science and Technologies (IMSAT), 
Ninewells was funded £10,000 by RA-UK in 2013 to investigate cadaveric nerve 
models and microultrasound imaging as effective tools for determining the 
mechanisms of nerve trauma caused by intraneural insertion of anaesthetic 
needles. The group constitutes of Dr. Christine Demore (Lead Bioengineer & 
Research Fellow), Dr. Graeme McLeod (Consultant Anaesthesiologist, Ninewells), 
Shilpa Munirama (Anaesthesiologist, Manchester Royal Infirmary), George Corner 
(Medical Physicist, Ninewells), Roos Eisma (Thiel cadaver officer, Center for 
Anatomy and Human Identification (CAHID), Dundee), Paul Felts (Pathologist, 
CAHID, Dundee), Qiuhua Hu (MSc student, University of Dundee), Yixin Tong (MSc 
student, University of Dundee). 
The aims and endpoints of the study were as follows: 
 
Primary Aim: To validate micro-ultrasound scanning against histology staining when 
used to describe the anatomy of the Thiel embalmed human peripheral nerve. 
 
Secondary aims:  
I. To validate Thiel embalmed human peripheral nerve compared to fresh 
cadaveric human nerves. 
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II. To describe changes in subepineurial and subperineurial tissues during 
needle insertion and during needle withdrawal 
III. To describe changes in subepineurial and subperineurial injection after 
injection of fluid 
IV. To provide a model for future translational regional anaesthesia research 
 
Primary Endpoint:  
Identification of subepineurial and subperineurial nerve tissue using micro-
ultrasound and histology staining 
Secondary Endpoint:  
Observation of tissue changes during subepineurial and subperineurial needle 
insertion and injection 
 
1.1 Thesis Outline 
The following paragraph summarise the different studies that will be 
conducted relating to neuropathy due to regional anaesthesia and also the different 
experimental methods adopted for developing the study. Three different studies 
were conducted in order to get a better understanding of the mechanical damage 
caused by the anaesthetic needles during regional anaesthesia. 
 
Comparison between microultrasound images and histology images 
Nerves resected from Thiel soft embalmed human cadavers (Thiel nerves) 
and fresh cadaveric human nerves (Fresh nerves) were used as specimens. The 
different experimental methods include comparison of conventional clinical 
ultrasound systems and micro-ultrasound systems, scanning of the Thiel nerves and 
fresh nerves and histology process. Scanning of nerves used a 30 MHz transducer 
and 45 MHz transducer, giving an image resolution approaching 100 μm. The 
radiofrequency (RF) data obtained from the microultrasound scanning was 
processed using MATLAB to generate 2D and 3D images of the nerves.  The 
anatomy visualised was to be validated with histology sections, with respect to 
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considering size of the nerves, number and size of fascicles, and their pattern and 
distribution in the nerve. Histology process was optimized in order to get a better 
understanding of the anatomy of the thiel nerves and fresh nerves. 3D image can 
be generated by combining a series of B-scans together to provide volumetric data 
as well as allowing image reconstruction in any plane according to the particular 
region of interest.  
 
Comparison between fresh cadaveric nerves and soft embalmed thiel nerves 
The preliminary studies proved that microultrasound can be used for studying the 
anatomy of the nerve as it clearly shows the morphology of the nerve. Further 
studies were needed in order to find a suitable model for studying the mechanical 
damage caused by the anaesthetic needles during regional anaesthesia. Thus a 
comparative study between the fresh nerves and Thiel nerves was carried out in 
order to validate a model for future translational regional anaesthesia research. 
Microultrasound images and histology images were compared. 
 
Needle insertion experiments 
A suitable model for translational regional anaesthesia study was found. And this 
led to the study of Needle insertion experiments, where mechanical damage caused 
by the anaesthetic needles during regional anaesthesia was analysed in detail. A 
needle insertion set up is designed for inserting the needles into the dissected 
nerve specimens. Micro-ultrasound scanning was performed during subepineurial 
and subperineurial needle insertions and also after the removal of the needles. It is 
difficult to discern visually whether the needle was being inserted; subepineurally 
or subperineurally. 
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Chapter 2 
Literature Review 
 
Neuropathy related to UGRA has been studied widely. There is an opinion 
that there is no neuropathy caused if a needle is inserted into the nerve and there 
is a converse opinion that there is nerve trauma caused when the needle is inserted 
interfasicularly. No one has an exact answer to what happens when a needle is 
inserted into the nerve. There is limited literature explaining the rate of nerve 
damage and the consequences of the nerve damage caused by the anaesthetic 
needles (Brull et al., 2007). This chapter gives an outline of the existing literature 
done which can help us in estimating the extent of damage caused by anaesthetic 
needles. The majority of the literature available on this subject area is subjective 
reviews or reports provided by the anaesthesiologists. There are a number of 
experiments carried out on animals in this area of study.  
 
2.1 Nerve Anatomy 
 To understand the basic concepts of the damage caused by anaesthetic 
needles to the nerve during the procedure of ultrasound guided peripheral 
anaesthesia, it is essential to understand the anatomical structure of the nerve and 
functions. Figure 2.1 shows the nerve structural and microscopic view. 
 
The nervous system mainly transmits signals from the nerve endings to the brain 
and from the brain to the respective organs or tissues. The impulses are carried 
across the nerve using neurotransmitters like acetylcholine, epinephrine etc 
(Haines, 2002). A basic nerve structure consists of a cell body with nucleus, 
dendrites for receiving the nerve impulses, axons containing myelin sheath and 
Schwann cells for sending signals, and axonites. The myelin sheath is composed of 
water, lipids and proteins.   
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Each nerve is made up of a group of fascicles. The number of fascicles and the size 
of each fascicle depend on the location and type of the nerve (Bianchi, 2008). A 
large number of axons bundle together to form a single fascicle. The number of 
fascicles present in the nerve varies depending on gender and the location, type 
and size of the nerve. The diameter of the nerve decreases from proximal to distal.  
The inner structure of the fascicle is called the endoneurium. The bundles of axons 
are nourished by endoneurial fluid. Each set of fascicles is protected by a layer 
called the perineurium.  
 
Figure 2.1:- a) A basic neuron structure of a motor nerve and sensory nerve is 
shown. b) An internal structure of the nerve is shown with an outer layer 
epineurium, the layer surrounding the fascicle perineurium and the internal of the 
fascicle as endoneurium (Moayeri, 2010). 
 
The perineural layer surrounding the fascicles of the nerve, closer to the bone 
region is more subject to physiological compression/ stretching resulting in 
thickening of this layer. The thickening of the layer is mainly to protect the internal 
structure of the fascicles from damages due to compression and stretching (Bianchi, 
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2008). The physiological compression/ stretching forces can change the shape of 
the peripheral nerves, according to the force/pressure applied on them. This is 
possible due to the presence of elastic fibres and loose connective tissue between 
the fascicles (Bianchi, 2008). The space between the fascicles is connected together 
by connective tissue called as interfascicular epineurium. The nerve as a whole is 
protected by an outer connective tissue called as epineurium (Topp & Boyd, 2006) 
(Topp & Boyd, 2012).   
 
2.2 Ultrasound Guided -Regional Anaesthesia          
            Anaesthesia is widely used for various surgical and medical measures. The 
medication used for anaesthesia is called the anaesthetic agent. Normally for a 
surgery procedure anaesthetic is administered by injections or by inhaling the 
anaesthetic gas. Reducing pain and suffering for the patient is the primary aim of 
the practice of anaesthesia (Casati et al., 2007). Anaesthesia is categorized into 
general anaesthesia and local anaesthesia. General anaesthesia is primarily used for 
surgeries lasting for long period of time where the patient remains unconscious 
throughout the surgery, whereas local anaesthesia is given to specific site of body, 
and the patient will be conscious throughout the surgery. 
 
Regional anaesthesia is a mode of local anaesthesia. Regional anaesthesia is 
performed by injecting anaesthetics around the nerves, performing a nerve block. A 
nerve block is said to be successful, if the distribution of anaesthetic around the 
nerves is optimal and the sensation is blocked (Sites, Neal, & Chan, 2009). The 
nerves can be located using different methods like parathesia, nerve stimulation 
and ultrasound guidance ( McLeod, 2013). Using parathesia technique, the nerve is 
located with a direct needle-nerve contact and hence a proper knowledge of the 
anatomy is essential. In nerve stimulation technique, a small electric current in the 
range 0.2mA and 0.5mA is passed through a circuit completed with a conducting 
needle and a return electrode. The motor response is called evoked motor 
response. If the evoked motor response occurs at low intensity current then it 
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indicates that the needle is at a close proximity to the nerve (Wiesmann, Vassiliou, 
Hadzic, Wulf, & Steinfeldt, 2014). There are several disadvantages associated with 
the nerve stimulation techniques: The electrical intensity varies with different 
individuals, the different nerves in the human body have different intensity levels of 
elicitation and sometimes the same nerve has different electrical intensities of 
stimulation in different individuals (Abdallah & Chan, 2014).  Conventional 
ultrasound can be used as guiding method for guiding the needles into the body 
during the procedure of regional anaesthesia (P Marhofer, Greher, & Kapral, 
2005)(Kamm, Scheidegger, & Rösler, 2009). Ultrasound helps the anaesthetists to 
assess the nerve during the procedure of regional anaesthesia, showing the size, 
vascularity and nearby structures around the nerve. Ultrasound is the preferred 
technique of nerve guidance as it allows real time imaging of the nerve and the 
structures around and also the spread of the anaesthetic agent.  The real time 
visualization of administration of anaesthetic using ultrasound helps the clinicians 
to determine the amount of anaesthetic needed for performing the nerve block, 
thereby decreasing the amount of anaesthetic normally used. Anaesthetists prefer 
to use a combination of neurostimulation and ultrasound guidance in order to get a 
better result (Urmey, 2010). Regional anaesthesia aids recovery and reduces the 
patient stay at the hospital (P Marhofer et al., 2005) (Peter Marhofer & Chan, 
2007). Even though, ultrasound guidance is considered as the best practice it will 
merely help to reduce the probability of causing nerve damage. There is still 
difficulty in visualizing the needle even with the help of ultrasound mainly because 
majority of the ultrasound transmitted is reflected away from the needle. It is 
impossible to completely eliminate the neurological complications caused during 
UGRA (Hadzic, Sala-blanch, & Xu, 2008). 
 
Ultrasound as an assisting method, for regional anaesthesia started in the late 
1970’s with ultrasound as Doppler ultrasound for performing the supraclavicular 
brachial plexus block (P Marhofer et al., 2005). The brachial plexus is a web of nerve 
fibres, proceeding from the neck to the arm.  In regional anaesthesia, nerve blocks 
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are performed in order to obstruct the generation and conduction of the nerve 
impulses. The nerve blocks are usually performed by injecting anaesthetic fluid into 
the anaesthetic site using needles 
 
In order to perform UGRA, the nerves and the surrounding structures are visualised, 
once the parameters such as depth, focus and frequency are optimized in order to 
perform the block.  Ultrasound gel is used as couplant. Generally 22G needles are 
used for performing the nerve blocks. Depending on the type of nerve block 
performed, the puncture is done about 10-15 mm away from the ultrasound probe, 
keeping transverse plane for the ultrasound imaging. The anaesthetist administers 
5 ml of anaesthetic fluid under the direct visualization of ultrasound until the target 
nerve is completely surrounded by the anaesthetic fluid. If the needle is inserted in 
a wrong position then the needle can be repositioned under ultrasound guidance (P 
Marhofer et al., 2005).  
 
Even though ultrasound is considered as one of the best imaging modalities for 
visualizing needles and peripheral nerves because of the high spatial resolution, 
there are still chances that nerve damage may occur. This is can be due to the poor 
visualization of the needles during the procedure, or poor visualization of the 
nearby structures nerves and vascular structures because of the similar 
echogenicity. Without accurate positioning of the anaesthetic needle, there are 
chances of penetrating the nerve, potentially causing nerve damage leading to pain, 
loss of motor control etc by intrafascicular or intraneural injections (Kamm, 
Scheidegger, & Rösler, 2009). 
 
Current UGRA methods showed some difficulty in visualizing the needles as well as 
problems with the quality of image. Improvements in ultrasound image resolution 
and quality could help to visualize the complicated structure of nerve and its 
functions and help us in understanding the processes leading to nerve injury (Quinn 
H Hogan, 2008).  
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 2.2.1 Intraneural Injections during Regional Anaesthesia 
In regional anaesthesia, peripheral nerve injury is considered as a rare 
complication. Majority of the peripheral nerve block anaesthesia procedures are 
followed by regular nerve activity, but still a small number of cases report  
problems with motor or sensory functions or becoming very sensitive to pain 
(Stuart, Koh, & Breidahl, 2004)(Contractor, 2006) (Sawyer et al., 2000). Most of the 
literature available on nerve injury is reports given by anaesthetists or subjective 
reviews of the past incidents (Brull et al., 2007). The lack of data on the rate of 
nerve injury caused by the ultrasound guided peripheral anaesthesia may be due to 
the fact that there is no proper methodology for accessing the nerve injury study on 
both human and animals. Sometimes the consequences of the nerve injury 
diminishes within a week or a month that it is not found relevant to report. The 
study of nerve injury in humans is limited to functional assessment of the nerve 
injury consequences.  The retrospective studies on peripheral nerve injury shows an 
estimation of about 0.5-1.0% occurrence of incidents. Mostly often these injuries 
are temporary or considered as very mild neuropathies(Sawyer, Richmond, Hickey, 
& Jarrratt, 2000) (Sala-blanch, Lo, Ph, & Pome, 2011). All intraneural injections were 
once considered to be as an indication of nerve injury (Jeng & Rosenblatt, 
2011).Studies have now shown that 50%  of the nerve blocks are performed 
subepineurally (Orebaugh, Mcfadden, Skorupan, & Bigeleisen, 2010).  In regional 
anaesthesia, intraneural injections are thought to occur more when using nerve 
stimulators.  The usage of ultrasound guided methods to deliver anaesthesia has 
made it easier to differentiate intraneural injections. The intraneural injections can 
be done interfasicularly (in between the fascicles or subepineurial injections) and 
intrafascicularly (into the fascicles or subperineurial injections).   
 
Using ultrasound guidance has helped the practioner to visualise the structures 
more clearly, helped them to determine the needle tip location and observe the 
distribution of local anaesthetic around the nerve. In spite of this, the nerve injuries 
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related with the peripheral nerve blocks have not been found to be decreasing 
(Albrecht et al., 2014). The intraneural injections can be  visualised using  
ultrasound guidance but it is very difficult to differentiate between whether the 
injections are subepineurial or subperineurial (Altermatt et al., 2010). 
Intrafascicular injections tend to cause more nerve trauma than the interfascicular 
injections (Abdallah & Chan, 2014). The intrafascicular injections tend to cause 
more nerve trauma because of the higher ratio of nerve fascicles and connective 
tissue. The fact is, it is very difficult to say exactly how often nerve injury occurs 
during regional anaesthesia. The subject is debatable as to what factors can lead to 
nerve injury as similar acoustic impedance, difficulty to visualize the tip of the 
needle, lower frequency transducers, type of needles used, angle of insertion of the 
needle, injection pressure are all contributory factors to nerve injury. Patient tissue 
type is another factor as it is very difficult to recognize the nerve in the case of 
elderly or obese patients (Munirama et al., 2012).  One publication (Sala-blanch et 
al., 2011) states that there is no nerve injury caused if the injection is given at low 
pressure injection within the nerve, as long the pressure is not excessive. According 
to them the intraneural injection was below the epineurium and not into the 
perineurium.  High injection pressures can lead to both Histologic nerve injury as 
well as functional neuropathy after subperineurial injection. Fredrickson et al. (Jeng 
& Rosenblatt, 2011), after comparing about 1,010 successive ultrasound guided 
peripheral nerve blocks found that the rate of postoperative neurological 
complication after the procedure of ultrasound guided peripheral nerve blocks, are 
found to be similar with the nerve blocks carried out using traditional methods. 
Nevertheless these statements do not confirm that ultrasound guided methods 
improves the safety of the nerve blocks. 
 
Vincent Chan (2007) conducted his study on the safety of intraneural injections on a 
pig model. Using ultrasound guided methods about 5mL of 5% dextrose and 
Sennelier black India ink was introduced into the brachial plexus nerve of the pig. 
Out of 28 nerves injected, about 24 nerves out of them showed expansion of the 
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nerves. When these 24 nerves were examined by histology process, it was found 
that the ink had diffused into the epineurium for 22 nerves and for the remaining 2 
nerves the ink was found to be diffused minimally into the perineurium. Apart from 
the expansion of the nerves no other abnormalities were noticed. The expansion of 
the nerve observed is mainly due to the nerve inflammation. In most of the studies 
conducted, there is nerve expansion observed when intraneural injections are given 
during UGRA (Lupu et al., 2010). The study conducted by Lupu (2010), showed 
histologic evidence of nerve injury. Nerve inflammation was observed with the 
development of macrophages, granulation tissues and neutrophils intraneurally 
(Lupu et al., 2010). Even though the studies showed histology evidence of nerve 
injury, there was no proof of functional neuropathy.  The 
intrafascicular/subperineurial injury arises when the epineurium layer and 
perineurium layer is penetrated (Lupu et al., 2010) (Bigeleisen, 2006a). The extent 
of nerve injury caused depends on the number of fascicles damaged and the 
intraneural injection given, assuming the intraneural injection to be below the 
perineurium. The number of fascicles damaged depends on the type of needle used 
and the angle of insertion of the needle. It is difficult to penetrate the perineurium 
using a blunt tip needle. It is thought that if the needle punctures the nerve parallel 
along the axis of the nerve, less damage is caused to the fascicles whereas if the 
needle punctures the nerve perpendicular to the axis of the nerve, the probability is 
that more number of fascicles can be damaged. The damage caused to the fascicles 
can also depend on the amount of connective tissue the particular nerve of interest 
has. 
 
One of the other factors that can lead to nerve injury during a regional anaesthesia 
is the needle type and its alignment. Selander et al (Lupu et al., 2010) conducted 
studies on rabbit sciatic nerves, comparing two types of injection needles: a 14 
degree long bevel and a 45 degree short bevel, used for the procedure of regional 
anaesthesia, as shown in Figure 2.2. His experiments proved that for short bevel 
needles rather than penetrating through the perineurium, there was a tendency to 
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push aside the nerve fascicles, whereas the long bevel needles pierce through the 
nerves. Therefore short bevel needles were found to cause less damage to the 
nerves than the long bevel needles.  
 
Figure 2.2 Schematic illustration of a) 45 degree beveled needle b) 14 degree 
beveled needle 
 
According to the studies conducted by the Steinfeldt (Steinfeldt et al., 2010), 
smaller diameter cannulaes are more suitable as they reduce the risk of nerve 
injury. Needle is inserted into the body through the cannula. The 24-G pencil point 
cannula and 19-G pencil point cannula were used for the needle puncture 
experiments. Five anaesthetized pigs were used for his study. It was found that the 
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19-G pencil point cannula left puncture holes on the nerve whereas in the case of 
24-G pencil point cannula, it was very difficult to view the puncture holes and 
additional assessment methods like histology had to be used for viewing the 
puncture site (Steinfeldt et al., 2011). Thus we can conclude that nerve injury during 
peripheral nerve blocks can happen due to several reasons such as needle type and 
its alignment, pressure of injection, the patient factors etc. It also has to be noted 
that none of these literature explains what happens to the fascicles in the nerve 
after a needle puncture, whether there is separation of fascicles or breaking of 
fascicles. And also what are the physical changes happening to nerve in the case of 
intrafascicular injections. 
 
Ultrasound gel is used as a couplant while performing UGRA. There are studies 
which shows that there is damage caused to the nerves due to the usage of 
ultrasound gel (El-Dawlatly et al., 2011). When needle is inserted into the body a 
small amount of gel adheres to the needle shaft and can be carried into the nerve 
structures. There was a mild inflammation noticed, with the development of 
polymorph leukocytes. The study was carried out on about 9 male beagle dogs (El-
Dawlatly et al., 2011). Functional capacity was compromised as limping was 
observed in the dogs. Majority of the changes in the histology level was noticed 
subperineurally. 
 
 
2.2.2 Pathophysiology of Nerve Damage Due To Regional Anaesthesia 
In spite of giving extra care in the procedure of delivering regional 
anaesthesia, the nerve injuries due to it are still of primary concern. Understanding 
and knowing the pathophysiological mechanisms happening in the nerve can be of 
help in decreasing the severity of such nerve injuries.  
 
Local anaesthetics are found to produce cytotoxic reactions in the tissue cells 
including increased motility rate, restraints to cell growth, survival. The fascicles 
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control the diffusion of substances from the adjacent interfascicular tissues. If the 
local anaesthetic is delivered outside the perineurium then the mechanism of the 
perineurium is compromised. The endoneural fluid that flows within the neuronal 
fibers inside the fascicles, which is usually at higher osmotic pressure than the 
surrounding fluid (hypertonic), becomes of lower osmotic pressure (hypotonic) 
because of increased permeability of the perineurium and increased pressure of 
fluid within the fascicles (Quinn, 2010). Increased fluid pressure, inflammation or 
expansion of the nerve and also damages to myelin cells are noted (Andersen, 
Andersen, & Tranum-Jensen, 2012). Delivering local anaesthetic inside a nerve 
fascicle is undoubtedly neurotoxic. 
    
2.3 Basics of Ultrasound Imaging 
 In the year 1880, the property of piezoelectricity was discovered by the 
brothers Curie. This led on to the development of technologies for ultrasound. 
During the First World War in the year 1915, ultrasound was first used in 
underwater sonar for discovering submarines (A.P.Cracknell, 1980). In the year 
1950, Ultrasound came into use as an imaging modality for detecting pathology 
related structures. 
 
Ultrasound waves are sound waves which have frequencies greater than 20 kHz, 
the threshold of the average human hearing range. These are mechanical pressure 
waves which can propagate through a medium in sinusoidal form with a 
wavelength depending on the frequency and speed of sound of the wave through 
that medium. The relation between the frequency, wavelength and velocity is given 
by: 
 
                                             v =λf                                             (1) 
Where λ is wavelength, v propagation speed and f denotes frequency 
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The acoustic waves can propagate through a medium generally in two wave forms: 
longitudinal and transverse. In ultrasound imaging longitudinal waves are generally 
used, where they travel parallel to the direction of the propagation while specific 
applications (e.g. sono-elastography) use transverse waves which travel 
perpendicular to the direction of propagation (Chan et al., 2007).   
 
All the ultrasound imaging systems works on the principle of pulse echo imaging. 
These imaging systems use short pulses to generate 2-D images. The ultrasound 
transducer generates ultrasound pulses and this travel into the sample of interest. 
Where there is a difference in the acoustic impedance like a tissue boundary, partial 
reflection of ultrasound waves occur.  The returning echoes from the sample are 
detected by the transducer and are passed through the scan converter. The 
positional information of the sample in interest can be calculated by knowing the 
direction of the pulse and also measuring the time taken by the echo to return to 
the transducer. This can be expressed using the following equation 
 
       
  
 
                     (2) 
 
Where d is the distance between the transducer and the sample of interest, v is the 
velocity of sound and t is the time taken by the echo to return to the transducer. 
The one transducer transmits as well as receives the pulses. After passing through 
the scan converter, the results are then displayed on the ultrasound device. The 
received signals are displayed on the ultrasound device as a gray scale image. 
Not all the ultrasound pulse transmitted is reflected back from the organ 
boundaries. Instead the pulses which are not reflected back continues to reflect 
back from deeper structures. Part of the ultrasound energy is reflected and a part 
of the ultrasound energy is absorbed by the tissues causing a temperature rise. In 
another words the ultrasound energy is converted into heat. The echoes from along 
the path of the propagating ultrasound beam produce one individual scan line (Lizzi, 
Engineering, & York, 2007). The quality of an ultrasound system depends on its 
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resolution which in turn is found by the lateral resolution and axial resolution of its 
ultrasound beam. Contrast resolution is another factor that determines the quality 
of an ultrasound image. 
 
2.3.1 Ultrasound Imaging Of Peripheral Nerves 
The first review of the ultrasound image findings of the peripheral nerve was 
put forward by Fornage in the year 1988 (Beekman & Visser, 2004) (Stuart, Koh, & 
Breidahl, 2004). The high resolution ultrasound is capable of visualizing nerves, 
explaining in detail the nerve structure, its size, vascularity and diagnosing nerve 
related disorders (Ricci, Moro, & Antonelli Incalzi, 2010) (Kuffler, 2010). Even 
though other imaging modalities such as X-ray and Computed tomography do not 
image nerves in detail, they are able to visualize the adjoining structures to the 
nerve such as bones, joints etc (Bianchi, 2008). In order to image peripheral nerves, 
we need high image quality and good resolution.  The high frequency transducers 
with frequencies greater than 10 MHz are used with a trade off in depth, in order to 
get good resolution. Thus for imaging deeper lying nerves transducers around 
frequency range, less than 5 MHz are used. In the case of low frequency 
transducers, we get a good depth but with poor resolution which makes it difficult 
to visualize the structure of nerve and its surrounding structures, thereby increasing 
the probability of nerve trauma (Beekman & Visser, 2004) (Kuffler, 2010). 
 
High frequency ultrasound transducers (frequencies greater than 30 MHz) can be 
used for the study of nerve injury by ultrasound guided peripheral anaesthesia 
because of its good spatial resolution characteristics (Walker, Cartwright, Wiesler, & 
Caress, 2004). It is to be noted that the nerve and the tissue surrounding has similar 
echogenic properties but the peripheral nerves are found to be more echogenic 
than muscles and less echogenic than tendons(Goedee et al., 2013). The fascicles of 
the nerve are found to be less echogenic than the surrounding perineurium which is 
more echogenic (Einar, 2009). The high frequency ultrasound imaging allows us to 
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visualize the honey comb appearance/fascicular pattern of the internal structure of 
the nerves very well. 
 
The angle of incidence and the angle of reflection is an important factor when it is 
concerned with the quality of the image and echogenicity of structures. The 
intensity of the reflected wave depends on the incident ultrasound wave with 
respect to the axis of the nerve. The echogenicity of the nerve is the best when the 
ultrasound beam is perpendicular to the nerve (Peter Marhofer & Chan, 2007).The 
echogenicity of the nerve can also vary depending on the amount of connective 
tissue the nerve has (Lupu et al., 2010). The angle of incidence is an important 
factor as the poor angle can make hyperechoic structure (bright) seem to be 
hypoechoic structure (dark).  The epineurium and the perineurium behave in an 
anisotropic way. Normally the nerve appears as tubular structures consisting of the 
fascicles and the supportive connective tissues. The peripheral nerves show 
themselves as multiple longitudinal hypo echoic bands which correspond to 
bundles of fascicles in ultrasound imaging. These bands are separated with more 
echogenic discontinuous band which corresponds to the epineurium (Stuart et al., 
2004). The longitudinal ultrasound images of nerve consist of several linear bands 
as shown in Figure 2.3 a). The linear bands are hyperechoic which are separated by 
hypoechoic regions. The interfascicular epineurium is said to hyperechoic and 
fascicles to be hypoechoic (Kele, 2012)(Peer, 2002). The clarity of the fascicles 
visualized in the nerve depends on the transducer used for imaging. The transverse 
ultrasound images of the nerve shows several hypoechoic regions embedded in 
hyperechoic regions as shown in Figure 2.3 b) (Walker et al., 2004). The outer 
echogenic rim represents the epineurium ( Kele, 2012). The ultrasound image 
pattern obtained when peripheral nerve is imaged is called as fascicular pattern. 
The endoneurium are generally hypoechoic though the connective tissue between 
the fascicles tends to be more hyperechoic. 
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Figure 2.3:- Ultrasound images of nerve in a) Longitudinal Plane b) Transverse Plane 
(Peer, 2002) [Note: Scale not provided on paper] 
 
2.3.2 High Frequency Ultrasound Imaging 
Medical ultrasound imaging systems generally use transducers of the 
frequency range 3-20 MHz. With the discovery of new transducer materials, high 
frequency ultrasound transducers came into use, which were able to scan the 
innermost structures of the body with microscopic resolution (Lockwood, 1996). 
High frequency ultrasound imaging with frequencies greater than 30 MHz allows 
visualization of tissues in ‘mm’ depth range and is being developed rapidly for 
various medical and clinical applications (Liu et al., 2004)(Goedee et al., 2013). 
Frequencies greater than 30MHz are used for High frequency/High resolution 
Ultrasound depending upon the application and circumstances of the insonation. 
 
The high frequency transducers have resolution around 100 μm, but this is achieved 
at a cost of less depth of penetration. A 10-15 MHz transducer can produce a good 
quality image to a depth of about 1-3cm. To view deeper structures transducers 
with frequency range about 3-7MHz has to be used.  These are sometimes required 
for regional anaesthesia in very obese patients. The transducers presently used for 
clinical purposes have comparatively greater resolution as there are a greater 
number of transmitting arrays and receiving crystals in them (Einar, 2009) (Walker 
et al., 2004). Apart from that the arrays proved to be useful in steering beam and 
adjusting the depth thereby improving the image quality and also producing real 
time images with higher frame rates. The high frequency ultrasound is found to give 
more detailed clear images, non-invasive, is portable system and can produce real 
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time images. The development of the high frequency transducers mainly focuses on 
improving the resolution of the ultrasound systems. High frequency ultrasound 
imaging has its application in ophthalmology, intra-vascular imaging, animal 
imaging etc. 
 
High frequency/High resolution Ultrasound imaging are found to be better for  
visualizing the inner structures of the nerve when compared to other imaging 
modalities such as computed tomography and magnetic resonance imaging. The 
high spatial resolution of the high frequency ultrasound is an important 
characteristic for the study of nerve imaging. The comparative studies between 
Magnetic Resonance Imaging (MRI) and ultrasound carried out by Zhu prove that 
the real time dynamic scanning of the ultrasound is a real advantage for the study 
of the nerve injury during ultrasound guided peripheral anaesthesia over MRI  (Zhu 
et al., 2013). The cost of imaging using Computed Tomography (CT) and MRI are 
comparatively higher to ultrasound. Ultrasound is portable and user friendly during 
a surgery whereas CT and MRI cannot be used as user friendly as ultrasound. The 
resolution of ultrasound varies from cm to μm, whereas for the MRI and CT the 
resolutions are in the range of few mm. In MRI the resolution is determined by the 
imaging voxels, the resolution differing in different planes, whereas for CT the 
resolution depends on the number of detector elements, source-object-detector 
distance and the X-ray focal spot. Kuffler (2010) in his study of nerve injury in rats 
used Vevo 770 system microultrasound probe from Visual Sonics (Toronto, Canada) 
which was of the frequency range 20-50 MHz, providing a resolution of 30 μm. 
 
2.4 Thiel Cadavers for Peripheral Nerve Study 
  Conventional formalin embalmed cadavers have displayed poor tissue 
quality and give off an odour creating difficulties for students and researchers to 
carry out their studies efficiently (Reed, Crafton, Giglia, & Hutto, 2009). A soft 
embalming method using Thiel solution was established by Professor Thiel from the 
University of Graz, Austria (G. McLeod et al., 2010). The Centre for Anatomy and 
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Human Identification (CAHID) at University of Dundee introduced the practice of 
Thiel embalming in the UK. Thiel embalmed human cadavers are found to be a very 
good model for ultrasound imaging study (Guo et al., 2012) (Gueorguieva, Yeo, 
Eisma, & Melzer, 2013) (Eisma, Lamb, & Soames, 2013)(Eisma, Mahendran, 
Majumdar, Smith, & Soames, 2011). Thiel embalmed cadavers retain their colour, 
shape and texture very well (Benkhadra, Bouchot, et al., 2011) (Benkhadra, Gérard, 
et al., 2011). The chemicals used for Thiel embalming are salt based for fixing 
tissues with Ethylene glycol for preserving the tissue flexibility and plasticity, boric 
acid for antimicrobial action and a small amount of formalin as given in Table 1.  
The Thiel cadavers remain flexible, are free of odour and colour and texture of the 
body is preserved. Peripheral nerves can be dissected from the Thiel cadavers for 
the high resolution ultrasound imaging study. The antimicrobial property of the 
Thiel is extremely useful as the specimen can be stored and used for experiments a 
number of times. The Thiel solution mainly consists of large amount of components 
of salt which causes a change in the nature of the proteins. These changes of nature 
in protein makes the tissues uniform in nature, which causes changes at the micro 
structural level but not at a macroscopic level. The texture of the tissues is 
maintained by the precipitation of the embalming fluid (Klaus-D Wolff, 2008).  
 
Table 2.1 : Components of Thiel Solution(Kesting, Mu, Rau, & Ho, 2008) 
 
 
Thiel embalmed cadavers have been found to be useful for the ultrasound imaging 
study especially because of its high degree of elasticity. Even though the Thiel 
embalming method is costlier than the formalin embalming method, the multiple 
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uses of the cadavers covers the cost and extremely useful for medical students and 
researchers. The flexibility, colour and texture of the Thiel embalmed cadavers help 
the anaesthetic trainees to gain enough clinical experience in performing nerve 
blocks during regional anaesthesia (G. McLeod et al., 2010).   
2.5 Histology 
 Studying the anatomy of the cells and tissues in a microscopic level is called 
histology. The specimens to be studied are preserved using a fixative in order to 
prevent degradation of the specimen. This is done so that when the study is 
conducted, the preserved tissue resembles the original sample. The basic histology 
processes include fixing, processing, embedding, cutting and staining. Depending 
upon the sample and nature of study the stain used will differ. Most of the studies 
use histology technique as a correlative method, for comparing the results obtained 
from their studies. Literatures on histology of Thiel nerves are little. Steinfeldt et.al 
(Steinfeldt et al., 2010) in his study of effect of needle size on nerve damage during 
regional anaesthesia, have carried out some histology procedures. The sample of 
study was pigs and the nerves chosen for study were median nerves. The sample 
cut using the microtome was of the size about 7μm. Haematoxylin-eosin stain (H&E 
stain) was used for studying the nerve damage caused by the needles. A very clear 
sign of nerve trauma, neuroinflammation was noticed with the help of H&E stain. In 
order to study the damage to myelin separate staining methods were use called as 
Kluver- Barrera (Steinfeldt et al., 2011). Lupu (2010) showed nerve inflammation 
and development of fibroblasts, macrophages and neutrophils through Histologic 
evidence. The insertion of needle intraneurally, causes nerve damage and this is 
proved histologically with the help of dyes. Orebaugh (2012), in his studies used dye 
as a medium to be injected into the tissue. The dye was traced histologically. The 
specimen was fixed in formalin once it was resected.  The dye was found to be 
spread into the perineurium as the needle had penetrated into the perineurium 
during insertion (Orebaugh et al., 2012). Another study which used dye to prove the 
nerve damage during UGRA was carried out by Anderson (2012). He used India ink 
along with gelatin to inject into the nerve (Andersen et al., 2012). The spreading of 
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the dye was observed histologically. In all the studies the histology sections were 
taken along the transverse plane. 
 
 
2.6  Summary  
 Basic concept of UGRA and the neurological complications caused by UGRA 
are covered in this literature review. There is little literature available explaining the 
mechanical damage caused to the nerve when a needle is inserted into the nerve 
subepineurally and subperineurally. This chapter explains the animal studies and 
human studies conducted in order to understand the mechanical damage caused by 
the anaesthetic needles during regional anaesthesia. The basics of ultrasound 
imaging and the sonography of the nerve structure give us an idea about how an 
ultrasound image of a nerve will look like. The literature review covered here has 
helped me to put together a framework to develop the study “Visualization of 
nerve trauma caused during regional anaesthesia with microultrasound”.  
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Chapter 3 
Materials and Methods 
 
 The literature review of different aspects of UGRA, peripheral nerves and 
microultrasound gives an indication of the probability of mechanical damage that 
can be caused to the peripheral nerves and the possibility of the developing 
ultrasound imaging technology that can be used to detect this mechanical damage. 
This chapter describes the different materials and methods that were used for 
analyzing the extent of mechanical damage caused to peripheral nerves.  
 
3.1 Materials 
The specimens used for the experiments were peripheral nerves excised from soft 
embalmed Thiel human cadavers and fresh cadaveric human peripheral nerves. Soft 
embalmed Thiel tissues can be used for anatomical study, clinical training and pre-
clinical evaluation of medical devices because they retain the elasticity and much of 
the qualitative feel of fresh tissues. 
 
Specimens were resected from suitable sites from the Thiel embalmed and fresh 
cadavers. Tissue was handled according to procedures set out by the Anatomy Act 
of Scotland, 2006, taking into account the potential for infection from the fresh 
material.  
 
(a)                                                                    (b) 
Figure 3.1:  (a) measuring the length of the 1084.4 Sciatic nerve (b) Diameter of the 
nerve measured from microultrasound images (the measurements are 
crosschecked with the measurements taken from the ruler) 
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Table 3.1 and Table 3.2 lists the Thiel soft embalmed cadaveric and fresh cadaveric 
human nerve specimens collected from the cadavers and Figure 3.1 shows how the 
measurements are taken for the Table1. Most specimens selected for the 
experiments were larger median nerves. The diameter length is rounded to the 
nearest mm. 
              Table3.1: Sample Details 
 Thiel Human Nerve Fresh Cadaver Human 
Nerve 
Number of Samples 10 2 
Microultrasound Scans 60 12 
Histology Processing 60 12 
 
      Table3.2: List of specimens tested 
Soft embalmed Thiel Human 
Peripheral nerves 
Length 
(mm) 
Dia by ruler 
(mm) 
Dia by 
ultrasound 
(mm) 
Embalming 
age 
(months) 
1084.1 Right Median 60 4.96  0.3 4.90   0.3 11 
1084.2 Right Radial 50 1.91  0.4 1.93   0.3 11 
1084.3 Right Femoral 40 1.98  0.3  1.95   0.4 11 
1084.4 Right Sciatic 30 16.88 0.5 17.03  0.4 11 
978.9 Left  Median 50 6.95  0.3 7.00  0.4 28 
978.12 Right Radial 50 5.81  0.2 5.96  0.3 28 
978.13 Right Median 50 5.81  0.2 5.83  0.3 28 
1015.2 Left Median 60 12.01  0.4 11.96  0.4 20 
1020.1 Right Median 60 6.98  0.3 7.01  0.3 20 
Fresh Cadaveric Human 
Peripheral nerves 
    
1114.2 Right Femoral 40 3.00  0.3 3.00 0.3 N/A 
1114.3 Right Median 50 3.65 0.2 3.72 0.3 N/A 
 
The diameter is measured horizontally across the transverse plane as the nerve is 
very delicate and spongy. There can be differences in the measurements between 
the horizontal diameter and the vertical diameter. The time is calculated from the 
time the cadaver being embalmed to the current month August 2014. 
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3.2 Methods - Clinical Ultrasound Zonare System  
Conventional clinical ultrasound Zonare system is compared with the 
Microultrasound system in order to get a better understanding of the both systems 
and the images acquired using both systems. The microultrasound results are 
validated using histology. As the samples used were fresh nerves and Thiel nerves, 
some optimization was needed for histology which is explained in detail in section 
3.5. 
 
The Zonare Z.One ultra system (Zonare Medical Systems, Californian) was used for 
imaging the peripheral nerves. This imaging was done to compare the conventional 
clinical imaging system and the continuous microultrasound scanner system under 
development. The quality of images obtained from both the systems was 
compared. 
 
The Zonare system works on the principle of Zone Sonography for acquiring and 
processing images (Lyons, 2004). In zone sonography several zones are used for 
capturing data rather than the lines, which make data acquisition and processing 
quicker than other conventional ultrasound systems. The Z.One Ultrasound system 
offers multiple transducer ports for various transducer frequencies, smaller cart 
based system for easy portability, less boot up time which makes the examination 
time quick, images are in focus at all depths. Upgrading software through internet 
makes the Z.One Ultrasound system more users adoptable. The scanner has on 
board storage for images and video clips. These can be downloaded via an USB 
port. 
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Figure 3.2:  (a) Z.One Ultrasound scanning system with the cart and transducers (b) 
Sample image of Hockey stick probe (c) Specimen set up- with agar and thiel 
peripheral nerves. 
 
 Figure 3.2 shows the Z.One Ultrasound system. This device is based in the Medical 
Physics department of Ninewells Hospital, Dundee and is the type of scanner used 
routinely in theatre to perform blocks. The transducers used for imaging were L8-3 
and L14-5 (Hockey stick probe as shown in Figure 3.2(b)). The frequencies used for 
imaging were 7 MHz and 12 MHz respectively. The transducer name L 8-3 signifies 
the frequency range of the transducer in MHz, L stands for linear configuration. The 
minimum imaging depth for both the transducers was 2 cm and 1.5 cm 
respectively. 
 
3.2.1 Specimen set up for the Zonare system 
Figure 3.2 (c) shows how the specimen is set up for scanning. 4% Agar is used for 
embedding the specimen. The Specimen embedded into the 4% agar is 978.12 Right 
Radial nerve. 
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To make 4% Agar 
Weigh 4 g of granulated agar powder in a weighing scale and put it in a glass 
beaker. Simultaneously, measure 96 mL of degassed water in a measuring jar. Add 
both the ingredients together and stir well.  Place the mixture in a microwave and 
microwave it with increments of 5 minute time. After each 5 minutes, make sure 
that the mixture is taken out of the microwave and is stirred well. This is done until 
the agar granulates are completely dissolved. It should be noted that the mixture 
should not be brought to boil as it will create lot of bubbles in the mixture. Also 
over heating causes the mixture to spill. So care must be taken when the mixture is 
heated. The detailed recipes for making different percentages of agar are given in 
Appendix A. 
 
Once the 4% agar is made, the agar can be poured into a petridish. The agar is 
poured at 10mm thickness. The 978.12 Right Radial nerve is cut into two parts for 
embedding into the agar. The agar is kept for setting for about 5-10 minutes. The 
specimens are not embedded into the agar directly soon after the agar is made as 
the agar is very hot and the embedding of the sample at that time can cause 
cooking of the tissue. When the agar is in a semi solidified state (a thin film of agar 
starts appearing at the edges of the petridish) the specimens can be inserted into 
the agar. Make sure that the specimen is inserted in the right position in which you 
want the imaging to be done. Twisting and bending of nerves should be avoided. 
After embedding the specimen into the agar, the whole set up is kept for setting for 
about 30 minutes. Ultrasound gel is used as the coupling agent. 
 
3.3 Microultrasound Imaging System 
The microultrasound imaging system used for this study is in Ultrasound Lab of 
Ninewells Hospital, Dundee. Both the microultrasound imaging system explained 
here is not real time; the images are obtained by mechanically scanning the sample. 
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Like most other ultrasound imaging system the microultrasound system works on 
the principle of pulse echo imaging principle. Two different types of 
microultrasound scanners were used for experimentation: Stepping 
microultrasound scanner (SMU) and Continuous microultrasound scanner (CMU). 
Though there were two scanners, the CMU scanner was used mostly for 
experimental purposes. Initially the experiments were started with the SMU 
system, but couldn’t continue with the SMU system as the system broke down 
halfway. As the SMU system was been used, in parallel the CMU system was been 
developed. Once the SMU system was no longer been used, the remaining of the 
experiments were continued with the CMU system. Since both the scanners were 
used for experiments, both the SMU system and the CMU system are mentioned in 
this chapter.  
 
Stepping Microultrasound scanner (SMU) 
The SMU works on the principle of pulse echo imaging to form a B-mode image. 
The transducer used was AFMTH09 which is described briefly in section 3.3.1. The 
Figure 3.3 shows the block diagram and the set up of the SMU system.  
 
The SMU system consists of a host computer, oscilloscope, JSR DPR500 dual 
pulser/receiver (JSR Ultrasonics, NY), remote pulsers, LabView interface 
programme, stage controller, and transducer stage and sample holder. The system 
is triggered internally using the pulser/receiver.  The transducer was scanned 
mechanically across the specimen, at a fixed focal length and radio frequency (RF) 
data from the return signal captured. The RF data acquired is in the form of .txt file. 
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 Figure 3.3: a) Stepping Microultrasound block diagram b) Stepping Microultrasound 
scanner set up 
 
The SMU scanner can be used for obtaining 1D, 2D and 3D data. The receiving 
echoes can be seen in the oscilloscope and the same data is displayed in the front 
panel of the Labview which is shown in Figure 3.4. The sampling frequency is 1 GHz. 
The step size and total path of the x-axis stage controller, gives the 2D data. The 
step size is half the lateral resolution of the transducer. The total path can be 
selected depending on the size of the specimen to be scanned. The x-axis step size 
and total path, and y-axis step size and total path gives 3D data. These RF data can 
be processed The SMU scanner got its name as it averages data stepwise. The 
scanner averages all the returning echoes for each A-scan in order to decrease 
noise. This averaging of each A-scan makes the SMU system slow and this makes it 
difficult to acquire 3D images with 200-300 slices as it takes more than 72 hours to 
acquire the data.  
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Figure 3.4: Labview User interface front panel controlling the transducer stage 
 
Continuous Microultrasound scanner (CMU)  
The CMU works on the same principle as that of SMU. The transducers used are 
AFHTH09 and AFMTH19 which is described briefly in section 3.1.1. The CMU system 
consists of host computer, JSR DPR500 Pulser/ Receiver,  Remote Pulser, NI PXIe-
1071 measurement and automation system, Motion control and positioning system 
for controlling the transducer stage, DC power supply, amplifier, transducer stage 
and sample holder. The block diagram of the CMU system is given below in Figure 
3.5.  
 
The nerve specimens were cut small sizes according to the experiments conducted. 
The nerve specimens were placed on 3% Agar substrates, held in position with 
insect pins, and immersed in deionized water for imaging. The nerve specimens are 
placed at the centre of the agar, providing enough space for the transducer to scan 
in the order, agar-nerve-agar. The transducer is adjusted in such a way that the 
focal area of the transducer falls at the middle of the sample, on order to study the 
morphology of the nerve in detail. 
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Figure 3.5: a) Continuous Microultrasound block diagram 
 
The system is triggered externally. A 30 MHz/45 MHz transducer, connected to 
CMU system was mechanically scanned across the diameter of each nerve, at 6 
equidistant planes as shown in Figure 3.6.The CMU scanner is more advanced than 
the SMU with a faster rate of data acquisition. In the CMU scanner, running average 
is applied to the A scans, which is several A scans are averaged together 
continuously. For example, if the number averaged is 4, then the A-scans are 
averaged in 1-4, 2-5, 3-6… format.  The CMU gives clearer ultrasound images than 
SMU. The faster RF data acquisition makes it easy to acquire 3D images within 2-3 
hours depending on the number of slices that you want. On average, acquisition of 
300 slices takes 2 hours. The CMU scanner is placed on an optical table for stability. 
 
 As the primary aim is to compare the microultrasound images with the histology 
sections, it is important that both the microultrasound images and the histology 
sections are taken in the same plane. The microultrasound scanning and histology 
sections were obtained from the same transverse planes for comparison. The 
locations of the imaged planes were marked for later histological sectioning. The RF 
data was processed using MATLAB (Mathworks, MA, USA) in order to provide 2D 
and 3D images. Image processing used is ImageJ (NLM, Washington DC). 
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 Figure 3.6: a) Microultrasound scanning setup with nerve specimen pinned on to 
the agar b) Nerves scanned at multiple, equidistant transverse planes.  
 
 
3.3.1  Transducers  
AFMTH09 and AFMTH19 were the two transducers used for the experiments. These 
transducers were supplied by AFM ltd (Birmingham, UK). The frequencies of the 
transducers were 30 MHz and 45 MHz respectively. The characteristics of AFMTH09 
and AFMTH19 are given below in Table 3.2 (Iain Foggarty, BSc Physics Thesis, 2014) 
 
The transducer transmits ultrasound waves into the specimen and the reflected 
echoes are collected by the transducer and processed. Deionized water is used as 
coupling medium. The reflected echoes are converted into voltage and can be 
displayed as A-scan. Both transducers should be capable of providing resolution in 
the range of 100 μm.  
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Table 3.3: Characteristics of the Transducers (Iain Foggarty, BSc Physics Thesis, 
2014) 
 
Properties 
 
Measurement of 
AFMTH09 
 
Measurement of 
AFMTH19 
Aperture diameter 1.67 ± 0.01 mm 1.5 ± 0.1 mm 
Operating Frequency 36 MHz* 45 MHz 
Focal point 5.6 ± 0.1 mm 4.25 ± 0.05 mm 
Cycles per pulse 6 6 
Pulse duration 0.020 ± 0.001 μs 0.022 ± 0.001 μs 
Pulse width 0.167 ± 0.001 μm 0.140 ± 0.001μm 
Bandwidth 29*MHz (-20 dB) 26 MHz (-20 dB) 
F# 3.35 ± 0.26 3 ± 0.4 
Lateral resolution 0.14 ± 0.01 mm 0.107 ± 0.001 mm 
Axial resolution 0.125 ± 0.002 mm 0.107 ± 0.001 mm 
 
3.3.2  Experimental set up   
The CMU system connections are given as in block diagram shown in Figure 
3.5. Two separate Labview programs are used for acquiring 2D data and 3D data. 
The computer was only switched on only after booting the FPGA NI PXIe-1071. This 
is done so that the computer can recognize the FPGA system. All the other 
components can be switched on sequentially after that. The transducer is 
connected to the transducer stage using an SMA connector. There is no external 
oscilloscope for the CMU system. The trigger is provided to the system by NI PXIe-
1071. The Specimen is set up (refer section 3.3.3) with transducer immersed in 
deionising water. Care was taken that there were no trapped bubbles under the 
transducer. To avoid this, before connecting the transducer to the transducer stage 
the front end of the transducer was immersed at an angle in deionized water and a 
check made for bubbles. If there are no trapped bubbles then the transducer can be 
connected to the transducer stage. Once the specimen is set up, the JSR control 
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panel which controls the DPR500 can be switched on. The JSR control panel is as 
shown in Figure 3.7. There are three remote pulsers available. They are RP-L2, RP-
H2, RP-U2.Their configurations are given in Appendix A. Taking into account the 
frequency of the transducer used, remote Pulser RP-L2 is used. RP-L2 is pulsed at 
lower energy level for both the transducers. The RP-L2 offers echo transmission and 
through transmission. All the experiments are conducted in echo mode. 
 
 
Figure 3.7: JSR Ultrasonics Control Panel 
 
The settings for AFMTH09 and AFMTH19 are stored in the control panel. The 
settings used are listed in Table 4. When the JSR control panel is enabled, the pulser 
starts. The received echoes from the transducer can be viewed in the graph of the 
Labview front panel. 
 
Once the JSR is enabled the Labview program named “Scanning system with 
offsets.vi” can be opened. The front panel is shown in Figure 3.8. The number of 
averages is set and the trigger type set to ‘external trigger out’. There are 8000 
samples in data set. 
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Table 3.4: JSR Control Panel measurements 
 
 
Figure 3.8: Front panel of “Scanning system with offsets.vi” 
 
 The sampling rate/frequency is set to 800 MHz. In SMU system it was possible to 
select the region of interest to be scanned using the oscilloscope. Since there is no 
 
Parameters 
 
Measurements for 
AFMTH09 
 
Measurements of 
AFMTH19 
Bandwidth 300 MHz 300 MHz 
Signal select Echo Echo 
Gain 44 dB 44 dB 
Low pass filter 150 MHz 150 MHz 
High Pass filter 5 MHz 5 MHz 
Trigger source External External 
PRF 200 Hz 118.19 Hz 
Voltage 275 V 275 V 
Energy control Low/High Low 
Energy Per Pulse 12.4  μJ 12.4 μJ 
Damping 44 Ohms 44 Ohms 
Ext. Trigger Pin 50 Ohms 50 Ohms 
 
 
 
 
50 
oscilloscope in the CMU system, the trigger offset performs this function of 
selecting region of interest. When the trigger offset is set, for example 1500 
samples, the FPGA is in a idle state till the 1500 sample and starts collecting data 
after 1500 samples. There is no x step size in the CMU system. X travel is the total 
path moved by the scanning stage. It varies depending on the size of the specimen 
you are scanning. In order to get 2D images, the x travel (mm), x speed (mm/s), 
should be set. Slower the motor moves, closer will be the data points that you get. 
The motor speed is one important factor which contributes to the good quality of 
the image in CMU system. The B scan displays the grey scale of the specimen. To 
acquire 3D images, the x travel (mm), x speed (mm/s), y travel (mm) and y step 
(mm) should be set. The y travel (mm) is the total path travelled by the scanning 
stage in y direction. Y step (mm) is selected depending on the lateral resolution of 
the transducer. As the 3D scan involves a number of slices, another LabView 
program named “Scanning system with no Bscan.vi” can be used. This program 
does not display the gray scale image of the specimen which allows this program to 
run faster and acquire the 3D data within a short period of time. The front panel of 
the Labview program “Scanning system with no Bscan.vi” is shown in Figure 3.9. 
 
 
Figure 3.9: Front panel of “Scanning system with no BScan.vi” 
Name the file and Run the program. Once the program is run, a window will open 
up where you can select the destination for your file to save. Once you provide the 
destination folder, you need to ‘connect’ for activating the Labview and motor. The 
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labview connects with the motor and it starts scanning from left to right. Once the 
scanning is completed, it returns to its original position. MATLAB is used for 
generating the images. The MATLAB code for generating the images can be referred 
from APPENDIX B. MATLAB and Image J can be used for processing these images 
like adjusting brightness, contrast, stacking the B-scans for 3D. 
 
3.3.3 Specimen set up for the microultrasound systems 
Figure 3.10 shows how the specimen is set up for imaging in SMU and CMU. 
3% Agar is used as a substrate for the samples.  The substrate and the specimens 
are held in a standard sized petridish. The specimens are pinned on to the agar 
substrate using insect pins; in order to prevent them from floating. Deionised water 
is used as coupling medium for all the experiments. The percentage of agar can be 
varied from 2% to 4% depending on the experiments. It should be noted that the 
specimen should be at correct focal area of the transducer, for getting a good 
image. The transducer is adjusted in such a way that the focal area is at the centre 
of the specimen so that the morphology of the specimen can be studied in detail.  
The distance between the sample and transducer can be adjusted in order to attain 
correct depth. Also, the transducer should be immersed in water. Check that there 
are no bubbles formed in the set up. 
 
Figure 3.10 Specimen Set up for SMU and CMU 
To make 3% Agar 
Weigh 3 g of granulated agar powder in a weighing scale and put it in a glass 
beaker. Simultaneously, measure 97 mL of degassed water in a measuring jar. Add 
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both the ingredients together and stir well.  Place the mixture in a microwave and 
microwave it with increments of 5 minute time. After each 5 minutes, make sure 
that the mixture is taken out of the microwave and is stirred well. The rest of the 
procedure is the same as mentioned in section 3.2.1.The prepared agar is poured 
into a petridish at a height of 10mm thickness leaving enough space for the sample 
and the transducer, Figure 3.11. Detailed recipe of Agar can be found in Appendix 
A. 
 
 
Figure 3.11 a) 3% Agar heated at increments of 5 mm in microwave b) Agar poured 
into a petridish at a thickness of 10 mm 
 
3.4 Needle Insertion set up  
The primary needle tissue holder (NTH) was designed in such a way that it 
fitted into a standard 88mm petri dish. The nerves are placed between the two 
holding bars and a separate slot is designed for positioning the tip of 22G 
anaesthetic needles at the nerve. The preliminary needle tissue holder was not 
satisfactory as it was not able to hold the nerves firmly, allowing its position to shift. 
The angle of insertion of the needle is one important factor to be considered to 
determine the extent of mechanical trauma caused to the nerve. The needle 
positioning slot in the needle tissue holder was fixed on the petri dish which held 
the needle positioned at an angle less than 30˚. 
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Angle needle holder (ANH) was designed in Solidworks (Dassault Systemes, France) 
and manufactured in polylactide, a polymer with a 3D printer as shown in Figure 
3.12. The holder is designed to keep the needle stable during needle insertion. 
 
Figure 3.12: (a) Drawing of needle holder for needle insertion at 45˚ from horizontal 
(b) Rapid prototyped needle holder 
 
The angle of insertion of the needle is an important factor to be considered in order 
to determine the extent of damage caused to the fascicles.  The figure 3.12 shows 
drawing of the needle insertion set up at an angle of 45degrees. The 
microultrasound scanning of the needle insertion experiments was carried out in 3 
stages: Before insertion of the needle, during insertion of the needle, after pulling 
out the needle. Due to the less depth of the petri dish the transducer had a 
tendency to hit the needle, and thus the angle the angle of the needle had to be 
adjusted in order to get a suitable result. 
 
3.5 Histology   
Any Histology process has the basic standard steps as mentioned below 
1. Fixing – Fixing is mainly done to preserve the biological tissue in order to 
study their function and structure in detail. The chemicals used for fixing the tissues 
are called as fixatives. There are several advantages and disadvantages of fixing like 
loss in molecular mass, shrinking and expansion of tissues, variations in staining etc.  
2. Processing (Dehydration, Clearing & Infiltration) - When tissue processing is 
done, all the water content in the tissue is removed by the process of dehydration 
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and clearing. The water is removed and is replaced with molten wax in order to 
make the sectioning of the sample easier. 
3. Embedding-The specimen is embedded into molten wax which acts as a 
support medium for the sample while cutting. Proper orientation of the specimen is 
important for this study as the histology images are compared with 
microultrasound images. So the specimen should be embedded in such a way that 
the slices of specimen are cut in the same plane in which microultrasound is being 
scanned. 
4. Cutting & Mounting on Slides- Tissues are cut into thinner sections using a 
microtome. The microtome can be used for cutting section of thickness from 1 μm 
– 15 μm. Water bath is used for floating the cut tissue. The water bath is 
maintained at a temperature of 45˚C-60˚C.The water bath removes the folds in the 
wax. It should be noted that prolonged exposure of the cut tissue in the water bath 
will result in excessive expansion of the tissue resulting in tissue distortion. 
5. Staining- This procedure is basically done to highlight the structure we want 
to visualize under microscope in the biological tissue. 
6. Mounting the cover slips-After staining the tissues, the slides are prepared 
for mounting the cover slips. The cover slips are mounted on to the glass slides with 
the help of adhesives like Styrolite.  
 
3.5.1 Standard procedure of fixing and staining 
The different steps of standard procedure of histology is given in Appendix B 
 
The majority of the lipids in the nerve were washed away during the clearing 
process, where xylene was added for dealcoholization of the specimens. This 
restricted the visualization of the internal structure of the nerve as the nerve is 
composed of 70-80% lipids. Since majority of the nerve was composed of lipids, the 
H&E stain was found to be less suitable for staining the nerve specimens. An 
improved histology process was therefore required to visualise the fascicles within 
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the nerve tissue. Table 2 summarizes the different fixatives and stains used for both 
standardized and optimized histology. 
 
Difficulty was encountered in staining Thiel nerves by the standard procedure 
attributed to the high concentration of salts in the Thiel fluid. A preliminary study 
was therefore conducted in order to investigate which fixatives and stains would 
optimize visibility of the internal structure of the nerves.  
 
3.5.2 Optimized procedure of fixing and staining 
 
3.5.2.1 Plastic Resin Embedding 
In plastic resin embedding the infiltrating material is epoxide instead of molten wax. 
A block of resin acts as supporting material to the specimen to make the cutting 
easier. The sections cut from these blocks are called plastic sections. 
 
Fixation-A combination of formaldehyde, phosphate buffer and Osmium Tetroxide 
are used as fixatives. Since Osmium Tetroxide is very toxic, its toxicity is reduced by 
combining it with phosphate buffer. The different steps of fixing the tissue and the 
recipe for making phosphate buffer as well as the recipe for reducing Osmium 
Tetroxide are given below. 
 
Tissue fixed in any aldehydes – Formaldehyde/ Gluteraldehyde 
 
  Sections 2x15 min buffer / PBS solutions (0.1 M Phosphate, pH 7.4) 
 
  1% Osmium Tetroxide + 0.1 M Phosphate buffer (2 Hours) 
 
    2x 15 Min Phosphate Buffer 
For making 1% Osmiumtetroxide 
For 5 ml mix (Can be used for 2 samples) 
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 1.25 ml  4% Osmium Solution 
 1.25 ml   0.4 M Buffer solution 
 2.5 ml  Distilled water 
For making Phosphate buffer 
Mix 46.0 g/ 57.7 g of Di- Sodium Hydrogen orthophosphate 2- Hydrate 
(Na2HPO4.2H2O) and 10.4 g/ 11.8 g of Sodium Dihydrogen orthophosphate 
(NaH2PO4.2H2O) with 900 ml distilled water and then make the solution to 1 l and 
adjust the ph to 7.4 with HCl/ NaOH. Mix with distilled water to achieve final 
strength. 
For 0.4M,  
Mix 5.7 g Di- Sodium Hydrogen orthophosphate 2- Hydrate (Na2HPO4.2H2O) 
and1.2 g Sodium Dihydrogen orthophosphate (NaH2PO4.2H2O) with 90 ml distilled 
water and make the solution to 100 mL and adjust the pH using HCl/NaOH. 
For 0.1M, 
Mix 25 mL of 0.4M Phosphate buffer and 25 mL distilled water. 
Processing-The different stages of dehydration, clearing and infiltration are given 
below. In this process resin is infiltrated into the tissue. 
30% Ethanol     15 Minutes 
50% Ethanol     15 Minutes 
70% Ethanol     15 Minutes 
90% Ethanol     15 Minutes 
100% Ethanol     20 Minutes 
100% Ethanol     20 Minutes 
100% Ethanol     20 Minutes    
100% Propylene oxide   15 Minutes 
100% Propylene oxide   15 Minutes 
(Very volatile, so do not let the tissues sit between while removing one solution and 
adding another) 
100% Propylene oxide/ Resin Mixture (3:1) 2 Hours 
100% Propylene oxide/ Resin Mixture (1:1) 2 Hours 
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(Remove lid and allow evaporating in fume cupboard overnight. Must have 
sufficient volume so that when reduced by 50% the tissue is still covered) 
100% Fresh Resin     2 Hours (At least) 
 
Embedding-The specimens are embedded into the beem capsules as shown 
in Figure below. Since the size of the specimen is very large (10mm), the normal 
beem capsules could not be used for embedding. Some changes were made to the 
beem capsule as shown in Figure below. The tapered end of the beem capsule was 
cut off for inserting the specimen into the beem capsule and the sectioning of the 
sample was done from the open side of the beem capsule in order to get a smooth 
side for cutting. 
 
 Figure 3.13:  (a) Beem Capsules (SPI supplies, 
http://www.2spi.com/catalog/spec_prep/beem-capsules.shtml) (b) Changes made 
to the beem capsule so that the specimen can be embedded (c) the specimen 
embedded into the beem capsule 
 
Cutting- Plastic resin embedding is mainly done for electron microscopy and the 
size of specimens used for electron microscopy varied from nanometres to several 
millimetres. The size of the specimens handled in these experiments varies from 
few millimetres to several centimetres making it difficult for plastic resin process. It 
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was difficult to find a cutting tool for such large specimens. The length of the largest 
cutting tool we had was about 10mm, which was almost equal to the diameter of 
the nerve. It was very difficult to get entire sections as the edges of the resin block 
were chipped off because of the smaller cutting tool. Figure below shows the 
problem faced with the cutting tool. 
 
 Figure 3.14:  (a) The cutting tool edge of size 5mm (b) Diameter of the nerve shows 
5mm from histology glass slide. 
 
Two microtomes were used for cutting the specimens, one manual and the other 
automated as shown in Figure3.2. In the manual operated microtome large glass 
knives were used because of the large sized specimens. In the automated one 
commercial glass knives were used. The plastic resin process was not continued 
further as the sectioning of the resin blocks was difficult and not accurate enough 
because of the large sized specimens.  
 
Figure 3.15:  (a) Manually operate Microtome (b) Automated Microtome 
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Staining- This part of the plastic resin process was not carried out as the resin block 
was not sectioned. The stain that we had planned to use was Richardson’s Stain. 
The recipe for making Richardson’s stain is given below. 
Richardson’s Stain 
  Dissolve 0.25 g Sodiumborate and 0.25 g Methylene Blue in 25 ml distilled water 
  Dissolve 0.25 g Azure II in 25 ml distilled water 
  Mix the two solutions 
 
3.5.2.2 Paraffin Embedding 
The alterations in the standard process were mainly done in fixing, cutting and 
mounting of the samples and staining. 
Fixation – The improved process used formaldehyde for fixing proteins in the 
tissue, followed by Osmium Tetroxide as another fixative. Osmium Tetroxide fixes 
lipid components in the specimen. The Osmiumtetroxide is washed out using 
phosphate buffer. The length of the specimen is an important factor for fixation 
while using osmium tetroxide, as the length of the specimen affects the diffusion 
rate of Osmiumtetroxide. The longer the specimen is, longer it takes for the 
Osmium tetroxide to diffuse into the tissue. The tissue samples used for this 
experiment were cut 8mm long and the time taken for the osmium tetroxide to 
diffuse was 2 hours. The Figure below shows the tissue fixed with formaldehyde 
and Osmiumtetroxide.  
 
Figure 3.16:  Fixed tissue with formaldehyde and Osmiumtetroxide. 
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Processing- As the size of the specimen was smaller the duration of processing was 
reduced. The different steps of processing are given below. 
 
50% Ethanol     1 Hour 
 70% Ethanol     1 Hour 
80% Ethanol     1 Hour 
90% Ethanol     30 Minutes 
100% Ethanol     30 Minutes 
100% Ethanol     30 Minutes 
100% Ethanol     1 Hour 
Xylene      1 Hour 
Xylene      1 Hour 
Molten Wax     1 Hour (60˚ in Oven) 
Molten Wax     1 Hour (60˚ in Oven) 
Molten Wax     1 Hour (60˚ in Oven) 
 
Embedding- The specimens were embedded in transverse plane.  
 
Cutting- Sections were cut using microtome at a thickness 5 μm- 12 μm and put in 
hot water bath for spreading the wax. The soft embalmed Thiel cadavers are well 
known for their flexibility and texture. We assumed that it might be because of 
these Thiel properties that they had a tendency to expand and disrupt while they 
were put in the hot water bath. Hence the temperature of the hot water bath was 
controlled to be between 50°- 60° and the sample was mounted on to a slide within 
a time period of 60sec. 
 
Staining- Staining is optional, as Osmiumtetroxide stains the lipids in the specimen 
and reduces to the element Osmium when it combines with fat giving a blackish 
colour. H&E can be used as an additional stain for staining the nuclei and 
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connective tissue of the nerve specimens in order to clearly visualize the fascicles 
and the connective tissue separately. The different steps of staining using H&E are 
explained in the section 3.5.1. The following are the steps to be followed when no 
stains are used. 
 
Without Stain 
Histoclear 1/Xylene    3 Minutes 
Histoclear 2     3Minutes 
100% Ethanol 1    3 Minutes 
100% Ethanol 2    3 Minutes 
70% Ethanol     3 Minutes 
Tap Water     3 Minutes 
Scotts Tap Water    30 Seconds 
Tap Water     10 Seconds 
95% Ethanol     15 Seconds 
100% Ethanol     2 Minutes 
100% Ethanol     2 Minutes 
100% Ethanol     2 Minutes 
Histoclear 3     3Minutes 
Histoclear 4     3Minutes 
Mounting the cover slip – The cover slip is mounted on to the glass slides using 
Styrolite and then kept aside for drying. 
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Table 3.4: Fixatives and stains for histology methods 
 
3.6 Summary 
 Conventional clinical Zonare ultrasound system was compared with the 
CMU system. Successful results were obtained from the experimental methods 
described in this chapter. The CMU system was used for studying the morphology 
of the nerve. It was also used to study the changes in the nerve when the needle 
was inserted into the nerve. The optimization of the histology methods was 
successful. As there were three different studies the results are presented in three 
different sections. Chapter 4 presents the results of the comparison between the 
microultrasound and the histology. Chapter 5 presents the results of the 
comparison between the fresh cadaveric nerves and the thiel nerves in order to 
determine a good model for the regional anaesthesia.   Chapter 6 presents the 
results of the needle insertion experiments carried out on nerves. 
 
 
FIXATIVE STAIN SECTION SIZE CONTROL 
OF FIXATIVE 
CONTROL OF 
STAIN 
Standard procedure of fixing and staining 
Formaldehyde H&E   5 μm- 10 μm Proteins Nuclei 
Optimized procedure of fixing and staining 
Method-1 
Formaldehyde (1st 
fixative) and 
Osmium Tetroxide 
(2nd fixative) 
No stain 5 μm- 12 μm Proteins, 
lipids & fat 
Lipids  
Method-2 
Formaldehyde (1st 
fixative) and 
Osmium Tetroxide 
(2nd fixative) 
H&E 5 μm- 12 μm Proteins, 
lipids & fat 
 Lipids& Nuclei  
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Chapter 4 
Results: Comparison between Microultrasound Images and Histology Images 
 
The images from the clinical Zonare system and the CMU system are 
explained in this chapter. The specimens used for this study were nerves resected 
from soft-embalmed Thiel cadavers and from fresh cadavers before embalming. 
Some optimization was needed in histology techniques which are explained in 
detail. The chapter also includes some statistical analysis of the nerve diameter and 
comparison between microultrasound and histology of nerves. 
 
4.1  Clinical Ultrasound Zonare System  
 
 The images acquired using the Z.One Zonare clinical system is shown below 
in Figure 4.1. The imaging set up is explained in Section 3.2. Two transducers were 
used for the experiments: L8-3 (7 MHz) and L14-5 (12MHz). The minimum imaging 
depth for the transducers was 20 mm and 15 mm respectively.  
 
Figure 4.1:  Images of the sample 978.12 Right Radial nerve (a) (b) (c) Images 
acquired using the L8-3 transducer Images (d) (e) (f) Images acquired using the L14-
5 transducer 
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For imaging, the nerve embedded into the agar was 978.12 Right Radial nerve. It 
was embedded at a depth of a few ‘mm’ away from the transducer. During 
embedding, the nerves twisted and some resultant changes in the structure of the 
nerve can be observed. Even though the nerve is few ‘mm’ away from the 
transducer the internal structure of the nerve cannot be distinguished clearly. The 
images 4.1 c), d), e) and f) seem to show one of the fascicle of the nerve, but it is 
difficult to say whether it is a fascicle or some distortion due to the twisting of the 
nerve while embedding. A slight change in colour and texture of the tissue due to 
the hot agar was noticed. 
Needle insertion experiments were then carried out using the specimen set up as 
explained in section 3.2, using the Zonare Z. One. The images are shown in Figure 
4.2. 
 
Figure 4.2:  Needle Insertion Results using Zonare Z.One with Transducer L14-5 
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The images acquired during the needle insertion experiments shows the needle and 
the nerve. But it is very difficult to visualize the tip of the needle and also the 
internal structure of the nerve clearly. These images show the difficulties faced by 
clinicians while performing UGRA.  
4.2  Microultrasound Imaging System 
 
Using the set up, scanning setup and procedure described in Section 3.3, the 
specimens were scanned and RF data acquired. 30 MHz and 45 MHz transducers 
were used. The characteristics of transducers are discussed in Section 3.1.1. 
MATLAB codes were written for processing the RF data and the images were 
generated. The MATLAB codes for processing the RF data are given in Appendix C. 
The lateral distance (LD) gives us the diameter of the nerve and the axial distance 
(AD) gives us information about how far the specimen is away from the transducer. 
This will help us to know whether the specimen is placed at the right focal length. 
Some examples of obtained of resected Thiel human nerves are shown in Figure 4.3 
and fresh cadaveric human nerves in Figure 4.4. The quantitative information 
obtained from the microultrasound images of embalmed and fresh nerves is shown 
in Table 4.1 and Table 4.2 respectively. The colourized RF images of Thiel embalmed 
human nerves are shown in Figure 4.5 and fresh cadaveric human nerves in Figure 
4.6. The background of the image is the coupling medium, deionising water which 
appears as black in the image. The ultrasound images show the morphology of the 
peripheral nerve clearly, such as the external size and shape of the nerve, as well as 
the number of larger fascicles in the nerve. The endoneurium cannot be seen 
clearly as the structures are hypo echoic.  From these images, the size of individual 
fascicles, their pattern and distribution can be observed.  The brighter base line 
which appears is the substrate agar. The microultrasound scans showed fascicles 
greater than 0.5 mm. The resolution of the images could be improved with 
optimization of the microultrasound imaging in future.  
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Table 4.1 Quantitative information of Thiel nerves from the microultrasound 
images 
 
 
Figure 4.3 Microultrasound images of Thiel nerves (a) 1015.2 Left Median (b) 1084.2 
Right Radial (c) 1084.3 Right Femoral (d) 1084.1 Right Median 
Specimen-Thiel nerves AD (mm) LD/Dia (mm) Dynamic range (db) 
1015.2 Left median 60 11.96 0.4 -30 
1084.2 Right radial 50 1.93   0.3 -30 
1084.3 Right femoral 40 1.95   0.4 -25 
1084.1 Right median 60 4.9   0.3 -35 
 
 
 
 
67 
Table 4.2 Quantitative information of Fresh nerves from the microultrasound 
images 
 
 
 
Figure 4.4 Microultrasound images of Fresh nerves (a) 1114.2 Right Femoral (b) 
1114.3 Right Median 
 
Specimen- Fresh nerves AD (mm) LD/Dia (mm) Dynamic range (db) 
1114.2 Right femoral 6 3.0   0.3 -40 
1114.3 Right median 4.5 3.72   0.3 -40 
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Figure 4.5 Colourized RF Images of Thiel nerves (a) 1015.2 Left Median (b) 1084.2 
Right Radial (c) 1084.3 Right Femoral (d) 1084.1 Right Median 
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Figure 4.6 Colourized RF images of Fresh nerves (a) 1114.2 Right Femoral (b) 1114.3 
Right Median 
 
As explained in Section 3.3, six equidistant microultrasound scans were carried out 
for each specimen. Statistical analysis was done in order to test the repeatability of 
the size of the nerves. Nerve diameter followed a normal distribution when 
assessed by the Shapiro-Wilk and d’Agostino test. The Shapiro-Wilk and d’Agostino 
test are normality tests in order to check whether the set of nerve diameter 
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measurements follow a normal distribution pattern. Repeated measures analysis of 
variance showed a difference between nerves but not within nerves (p<0.001). Post 
–hoc Bonferonni tests showed multiple differences between the sizes of nerves 
Table 4.6. Table 4.3 shows the nerve diameter obtained from 6 equidistant scans. 
The distant between two consecutive scans is 0.05 mm. Table 4.4 shows the  
Number of fascicles found in each six equidistant scans. 
Table 4.3 Nerve diameters (mm) measured per sample per nerve 
 
 
Average mean of each set of was found and was plotted along with the upper and 
lower 95% CI. Table 4.5 shows the mean, lower 95%CI, upper 95% CI, and standard 
deviation and standard error values of the nerve diameters. Within subjects the 
standard deviation was low for all repeated measurements for each nerve.   
 
 
 
 
 
 
Specimen Nerve Specimen Img1 
(mm) 
Img2 
(mm) 
Img3 
(mm) 
Img4 
(mm) 
Img5 
(mm) 
Img6 
(mm) 
1 1114.3 Right median 3.8 3.9 3.6 3.7 3.7 3.6 
2 1114.2 Right Femoral 3.0 2.9 2.9 3.2 2.9 3.1 
3 1084.1 Right median 4.8 4.9 5.0 5.0 4.9 4.8 
4 1084.2 Right Radial 1.8 2.1 2.0 1.9 1.8 2.0 
5 1084.3 Right Femoral 2.2 1.9 1.9 2.0 1.9 1.8 
6 1015.2 Left Median 12.2 11.9 12.0 12.0 11.9 11.8 
7 978.9 Left Median 6.9 6.8 7.2 7.1 7.1 6.9 
8 978.12 Right Radial 6.2 5.9 5.8 5.9 5.9 6.1 
9 978.13 Right Median 5.9 6.0 5.7 5.8 5.9 5.7 
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Table 4.4 Number of Fascicles measured per sample per nerve using ultrasound 
 
 
 
 
Table 4.5 Mean and Standard deviation of nerve diameters 
 
 
 
 
 
 
 
 
 
Specimen Nerve Specimen Img1 Img2 Img3 Img4 Img5 Img6 
1 1114.2 Right femoral 3 3 2 0 2 3 
2 1114.3 Right median 4 5 6 3 3 3 
3 1084.1 Right median 2 3 3 3 2 3 
4 1084.2 Right Radial 3 3 3 3 3 3 
5 1084.3 Right Femoral 1 2 2 2 2 2 
6 1015.2 Left Median 1 1 1 0 0 0 
7 978.9 Left Median 5 5 5 5 5 5 
8 978.12 Right Radial 2 1 2 1 2 3 
9 978.13 Right Median 2 2 3 4 4 4 
 1114.3 1114.2 1084.1 1084.2 1084.3 1015.2 978.9 978.12 978.13 
Mean 3.72 3.0 4.9 1.93 1.95 12.01 7.0 5.96 5.83 
Lower 95% CI 3.63 2.90 4.83 1.84 1.84 11.91 6.88 5.84 5.74 
Upper 95% CI 3.81 3.10 4.97 2.02 2.06 12.11 7.12 6.08 5.92 
Std. Deviation 0.12 0.13 0.09 0.12 0.14 0.14 0.15 0.15 0.12 
Std. Error 0.05 0.05 0.04 0.05 0.06 0.05 0.06 0.06 0.05 
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Table 4.6 Difference between the sizes of the nerves 
Bonferroni's Multiple Comparison Test Mean 
Diff. 
Summary 95% CI of 
diff 
1114.3 Median Nerve vs. 1114.2 Femoral Nerve 0.75 p<0.01 0.12 to 1.4 
1114.3 Median Nerve vs. 1084.1 Median Nerve -1.3 p<0.0001 -1.9 to -
0.62 
1114.3 Median Nerve vs. 1084.2 Radial Nerve 1.4 p<0.0001 0.78 to 2.0 
1114.3 Median Nerve vs. 1084.3 Femoral Nerve 1.8 p<0.0001 1.1 to 2.4 
1114.3 Median Nerve vs. 1015.2 Median Nerve -8.3 p<0.0001 -8.9 to -7.6 
1114.3 Median Nerve vs. 978.9 Median nerve -3.3 p<0.0001 -3.9 to -2.6 
1114.3 Median Nerve vs. 978.8 Radial Nerve -2.8 p<0.0001 -3.4 to -2.1 
1114.3 Median Nerve vs. 978.13Median Nerve (Right) -2.1 p<0.0001 -2.7 to -1.5 
1114.2 Femoral Nerve vs. 1084.1 Median Nerve -2 p<0.0001 -2.6 to -1.4 
1114.2 Femoral Nerve vs. 1084.2 Radial Nerve 0.67 p<0.5 0.034 to 1.3 
1114.2 Femoral Nerve vs. 1084.3 Femoral Nerve 1 p<0. 0.37 to 1.6 
1114.2 Femoral Nerve vs. 1015.2 Median Nerve -9 p<0.0001 -9.6 to -8.4 
1114.2 Femoral Nerve vs. 978.9 Median nerve -4 p<0.0001 -4.6 to -3.4 
1114.2 Femoral Nerve vs. 978.8 Radial Nerve -3.5 p<0.0001 -4.1 to -2.9 
1114.2 Femoral Nerve vs. 978.13 Median Nerve (Right) -2.8 p<0.0001 -3.5 to -2.2 
1084.1 Median Nerve vs. 1084.2 Radial Nerve 2.7 p<0.0001 2.0 to 3.3 
1084.1 Median Nerve vs. 1084.3 Femoral Nerve 3 p<0.0001 2.4 to 3.6 
1084.1 Median Nerve vs. 1015.2 Median Nerve -7 p<0.0001 -7.6 to -6.4 
1084.1 Median Nerve vs. 978.9 Median nerve -2 p<0.0001 -2.6 to -1.4 
1084.1 Median Nerve vs. 978.8 Radial Nerve -1.5 p<0.0001 -2.1 to -
0.87 
1084.1 Median Nerve vs. 978.13Median Nerve (Right) -0.83 p<0.01 -1.5 to -
0.20 
1084.2 Radial Nerve vs. 1084.3 Femoral Nerve 0.33 ns -0.30 to 
0.97 
1084.2 Radial Nerve vs. 1015.2 Median Nerve -9.7 p<0.0001 -10 to -9.0 
1084.2 Radial Nerve vs. 978.9 Median nerve -4.7 p<0.0001 -5.3 to -4.0 
1084.2 Radial Nerve vs. 978.8 Radial Nerve -4.2 p<0.0001 -4.8 to -3.5 
1084.2 Radial Nerve vs. 978.13 Median Nerve (Right) -3.5 p<0.0001 -4.1 to -2.9 
1084.3 Femoral Nerve vs. 1015.2 Median Nerve -10 p<0.0001 -11 to -9.4 
1084.3 Femoral Nerve vs. 978.9 Median nerve -5 p<0.0001 -5.6 to -4.4 
1084.3 Femoral Nerve vs. 978.8 Radial Nerve -4.5 p<0.0001 -5.1 to -3.9 
1084.3 Femoral Nerve vs. 978.13 Median Nerve (Right) -3.8 p<0.0001 -4.5 to -3.2 
1015.2 Median Nerve vs. 978.9 Median nerve 5 p<0.0001 4.4 to 5.6 
1015.2 Median Nerve vs. 978.8 Radial Nerve 5.5 p<0.0001 4.9 to 6.1 
1015.2 Median Nerve vs. 978.13Median Nerve (Right) 6.2 p<0.0001 5.5 to 6.8 
978.9 Median nerve vs. 978.8 Radial Nerve 0.5 ns -0.13 to 1.1 
978.9 Median nerve vs. 978.13 Median Nerve (Right) 1.2 p<0.0001 0.53 to 1.8 
978.8 Radial Nerve vs. 978.13 Median Nerve (Right) 0.67 p<0.5 0.034 to 1.3 
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3D stacks of microultrasound images are shown in Figure 4.6. The stacking of B-scan 
images together to form 3D stacks gives a better visualization of the whole 
structure along the length of the nerve. As discussed in the literature review section 
2.1, the shape of the fascicles tends to change along the length of the nerve. 
According to the literature the diameter of the nerve decreases from the proximal 
to the distal end. The 3D stacks help in visualizing this change along the length of 
the nerve. About 10 slices of microultrasound images were obtained at an 
equidistance of 0.05 mm. The 10 slices of microultrasound images obtained were 
stacked together at equidistance by processing these data in the software ImageJ. 
 
 
Figure 4.7 (a)3D stacks of microultrasound scans of Thiel embalmed human 
peripheral nerve 978.13 Right Median nerve: Fascicles obtained from the 3D stacks 
and side view of microultrasound scans being stacked (b) 1084.2 Right radial nerve: 
Fascicles obtained from the 3D stacks and side view of microultrasound scans being 
stacked. 
 
Figure 4.7 shows microultrasound of Thiel nerves and the 3D stack. These images 
help to visualise the fascicles along the length of the nerve.  
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4.3 Histology 
The results of histology processing on soft embalmed Thiel human nerves and Fresh 
cadaveric human nerves are presented below.  
 
4.3.1 Standard procedure of fixing and staining 
The histology images using formaldehyde as fixative and H&E as stain are 
shown in Figure 4.8. The fascicles can be clearly seen but the internal structures of 
the nerve like myelin sheath and axons cannot be visualized because the lipid 
components of the nerve have been washed away during the clearing process. 
Moreover, the Thiel embalming process denatures proteins. The H&E stain did not 
stain the connective tissue or the cytoplasm of the cells present in the nerve, 
possibly due to the high concentration of salts in Thiel fluid. This, we attributed to 
the high concentration of salts that embed in the tissue during the Thiel embalming 
process, making H&E staining difficult.  
 
Figure 4.8 Histology Images of Thiel nerve specimen processed using standard 
procedure where formaldehyde is used as fixative and H&E is used as stain. 
 
In order to determine a better fixative a comparison between formaldehyde and 
Thiel fluid was also done. The Thiel specimen was fixed in formaldehyde and thiel 
fluid separately. The standard histology process as mentioned in Section 3.1.2 was 
followed. The observations from the histology are shown below in Table 4.5 
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Table 4.7 Comparison of fixative formaldehyde and Thiel fluid 
Process Specimen fixed in 
Formaldehyde (T1) 
Specimen fixed in  
Thiel fluid (T2) 
Fixing Hard Soft 
Dehydration & Clearing Xylene- hard and colour 
change 
Xylene- soft and colour 
change 
Embedding Easy to handle Difficult to handle 
Cutting Easy to cut Difficult to cut 
Staining H&E – not good H&E – not good 
 
After the specimens were fixed, T1 was found to be harder than T2 by touch. Also 
with the addition of Xylene in the dehydration and clearing process, T1 was found 
to become harder than T2. The degrees of hardness for the specimens were 
different. The specimen fixed with Thiel fluid was very difficult to handle as the 
specimens fixed with Thiel fluid were very soft and squishy. While the specimens 
were cut the T2 specimens had a tendency to mushroom more than T1. When 
formaldehyde and Thiel fluid are compared, formaldehyde is found to be the better 
fixative, but again since formaldehyde fixes only proteins the majority of the lipid 
components of the nerve have been washed away by the clearing process. It was 
concluded that the standard procedure of using formaldehyde as fixative and H&E 
as stain is not suitable for studying the morphology of nerve.  These problems led to 
the optimization of the second method of histology, in order to get a better 
visualization of the internal structure of the nerve. 
4.3.2 Optimized procedure of fixing and staining 
 
The standardized procedure of histology was altered for studying the morphology 
of the nerve. The alterations were mainly done in fixing, cutting and mounting of 
samples and staining.  
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 Method-1 
 
The histology image using formaldehyde as the first fixative and 1% Osmium 
tetroxide as the second fixative is as shown in Figure 4.9.  
 
Since Osmium tetroxide fixes the lipid components in the specimen, it is the best 
fixative and stain that can be used for studying the morphology of the Thiel nerves 
and fresh nerves. The optimized methods (Method 1&2) clearly show the 
morphology of the nerve specimens. The lipid components and fat of the nerve 
specimen are stained black as shown in Figure 4.9 (a). The myelin sheath inside the 
fascicle is supposed to appear in the form of a donut shape but it seems to be 
smudged. This effect may be due to the Thiel embalming process. 
 
 
Figure 4.9 Histology Images of Thiel nerve specimen using optimized histology 
methods a)Osmium tetroxide stains lipids and fats b) three layers of nerve c) 
Shrinkage due to histology processing d) Osmium tetroxide not diffused into the 
central part of the nerve because of the large size of the nerve 
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Method-2  
The histology image using formaldehyde as the first fixative and 1% Osmium 
tetroxide as the second fixative with H&E stain is presented in this section. The 
histology images of Thiel nerves obtained using optimized method-2 are shown in 
Figure 4.10 and that of fresh nerves are shown in Figure 4.11.  
 
Figure 4.10 Histology Images of Thiel nerve specimen using optimized histology 
method 2 a) Osmium tetroxide stains lipids and fats and H&E stains the connective 
tissue b) three layers of nerve c) The connective tissue and the endoneurium can be 
seen separately d) Stained fat droplets in disintegrated epineurium 
 
It is optional to use additional stain as Osmium tetroxide which is used as fixative 
already stains the lipid components and the fat in the nerve specimen. H&E stain 
was used additionally in order to distinguish the connective tissue around the 
fascicles. The connective tissue was stained pink in colour and the lipid components 
and the fat in the specimen was stained black. 
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Figure 4.11 Histology Images of Fresh nerve specimen using optimized histology 
method 2 a) Osmium tetroxide stains lipids and fats and H&E stains the connective 
tissue b) The perineural septum can be seen in the fascicle c) The shrinkage due to 
histology processing d) Three layers of the nerve  
 
Some of the nerve specimens were embedded longitudinally. The specimen 1114.2 
femoral nerves, while sectioning were cut open exposing the fascicles inside. As the 
fascicles were exposed, it was difficult embedding them transversely, hence they 
were embedded longitudinally. The exposed fascicles were coming out of the 
epineural sheath, making it difficult for embedding and cutting. The histology 
images of the specimen 1114.2 femoral nerve processed using optimized method 2 
are shown below in Figure 4.12.  
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Figure 4.12 Histology Images of Fresh nerve specimen using optimized histology 
method 2 embedded longitudinally a) Osmium tetroxide stains lipids and fats and 
H&E stains the connective tissue b) Fat droplets stained black with Osmium 
tetroxide c) Fascicle with perineural septum d) Fascicle and connective tissue 
 
4.4 Comparison of Microultrasound Image and Histology 
 
The microultrasound results and histology images taken in the same 
transverse plane were compared and the results are presented below. The mean of 
the individual fascicle was taken from six consecutive and equidistant 
microultrasound images as explained in Section 4.1. The methods of taking 
measurements are explained in detail in section 3.1.  
Subjective analysis of both the microultrasound images and histology images was 
done by taking into consideration the size of the nerve, number of fascicles, 
individual size of fascicles, their pattern and distribution as in Figure 4.13 and Figure 
4.14 (Table 4.8 and Table 4.9). The orientation of both the images is subjective. The 
histology image has been rotated based on subjective observations to match the 
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orientation microultrasound image.   The analysis showed that both the images 
looked alike in their pattern and distribution even though the histology showed a 
greater number of fascicles than microultrasound images. A difference in the shape 
of the nerve can be noticed comparing the microultrasound and the histology 
image. The nerve appears to be circular in shape in the microultrasound image. It 
appears to be more circular as the specimen absorbs deionized water when it is 
placed in the petri dish for experimental purpose. It is very difficult to maintain the 
shape of the nerve during the histology processing. The cutting of the sample to a 
suitable length before proceeding to the histology processing is one factor which 
disrupts the circular shape of the nerve. Following this the dehydration and clearing 
process causes the shape of the nerve to change. The histology images showed that 
the size of the nerve shrank when compared to the microultrasound images. A 
strong correlation is found between the microultrasound images and the histology 
images. It is expected that there will be 20-30% shrinkage in the volume of the 
tissue than its original volume. This difference is due to the tendency of the tissue 
to shrink during the histology processing (Bancroft, 2008).  
 
 
 
Figure 4.13 Comparison of histology image with Microultrasound image 
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Table 4.8 Measurement of fascicle in Thiel peripheral nerve from Microultrasound 
images and histology sections 
 Microultrasound of Thiel Histology of Thiel 
Size of individual fascicle 
(mean) 
 1.4 mm 1 mm 
Size of the nerve 11.96 mm 7 mm 
Number of Fascicles 1 4 
 
 
Figure 4.14 Comparison of histology image with Microultrasound image of Fresh 
nerve 1114.3 
 
Table 4.9 Measurement of fascicle in Fresh peripheral nerve from 
Microultrasound images and histology sections 
 Microultrasound of Fresh Histology of Fresh 
Size of individual fascicle 
(mean) 
 1.5 mm 1.1mm 
Size of the nerve 3.72 mm  2.10 mm 
Number of Fascicles 3 9 
 
 
4.5 Summary 
 
Microultrasound scanning of both the fresh cadaveric human nerves and thiel 
nerves were carried out.  The microultrasound images provided information such as 
the size of the nerve, size of fascicles, individual size of fascicles, their pattern and 
distribution. Statistical analysis was carried out due to the repeatability of the data. 
The nerve diameter was found to be dependent on each other, showing that there 
was not much difference between the consecutive microultrasound scans. The 
analysis also showed that the nerve diameters were independent between the 
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different specimens showing that the nerve diameter varied between the 
specimens. The histology processing was optimized in order to improve the study. A 
comparison was carried out between the microultrasound images and the histology 
images. About 20-30% difference in results was seen due to the shrinkage of tissue 
during histology processing. The microultrasound images shows less fascicles than 
the histology images but this could be improved with better optimization of the 
microultrasound scanner. 
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Chapter 5 
Results – Comparison between Fresh Cadaveric Human Nerves and Thiel 
Embalmed Human Nerves 
 
Comparison between fresh nerves and Thiel nerves was carried out in order 
to choose and validate a suitable model for translational regional anaesthesia 
research.  Several of the results presented here are a repetition from previous 
sections but are reiterated in order to compare the fresh and Thiel embalmed 
nerves to determine the better model out of the two.  
 
5.1 Microultrasound Image and Histology of Fresh cadaveric human nerves 
The microultrasound scans of fresh cadaveric human nerves are shown in 
Figure 5.1. The transducer used for scanning these was AFMTH09, 30 MHz. 
 
 Figure 5.1 Microultrasound images of Fresh nerves (a) 1114.2 Right Femoral (b) 
1114.3 Right Median 
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The microultrasound images in Figure 5.1 clearly show the anatomy of the nerve 
and that there is no noticeable disintegration of the epineurium. 
 Figure 5.2 shows the histology image of the specimen 1114.3 Right Median fresh 
nerve. 
 
 
 Figure 5.2 Histology image of Fresh nerve a) 1114.3 Right Median fresh nerve b) 
Histology image showing the axons and myelin sheath 
 
The histology images of the fresh nerve also clearly show the anatomy of the nerve. 
Figure 5.2 (a) shows a single fascicle of the nerve, with the perineural septum. The 
layer perineurium can be seen clearly surrounding the fascicle in the histology 
image of fresh cadaveric human nerves, shrinkage of the tissues can be observed as 
well. In Figure 5.2 (b) the axons and the myelin sheath are distinct. The axons 
appear in the form of donut shape. The black circular structures are axons with a 
myelin sheath covering.  
 
5.2 Microultrasound Image and Histology of Thiel embalmed human nerves 
Figure 5.3 are microultrasound scans of the Thiel embalmed human nerves. 
The Figure 5.3 (a) is the microultrasound scan of 1015.2 Left median nerve more 
than 24 months after embalming. Figure 5.3 (b) shows the microultrasound image 
of 1084.2 Right Radial nerve less than 12 months after embalming. Even though, 
both the ultrasound scans are of Thiel specimens, differences in the quality of the 
image can be seen. The recently embalmed Thiel nerves (< 12 months) give good 
quality images when compared to the older nerves (>24 months).  
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Figure 5.3 Microultrasound images of Thiel nerves (a) Older Thiel nerves (> 24 
months) 1015.2 Left median Nerve (b) Recently embalmed Thiel nerves (>12 
months) 1084.2 Right Radial Nerve 
 
Older Thiel nerves (> 24 months) can also be used for the study. In order to study 
more about the behavior of the older Thiel nerves, microultrasound scanning (M1) 
was done on older nerve specimen 978.9 Left Median nerve. After the experiment 
the specimen was stored in an air tight container and kept overnight and rescanned 
the next day (M2). The Figure 5.4 (a) shows the ultrasound image of the Thiel nerve 
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specimen 978.9 on day 1 and Figure 5.4 (b) shows the image after overnight 
storage. Differences are distinct. In Figure 5.4 (a) the fascicles and their orientation 
are clear whereas in Figure 5.4 (b) the entire structure of the nerve has changed. 
Some disintegration of the epineurium layer is obvious in Figure 5.4 (b). 
 
 Figure 5.4 Microultrasound images of 978.9 Left Median nerve (a) 978.9 Left 
Median nerve taken on day 1 (b) 978.9 Left median nerve kept overnight where the 
differences in the structure of the nerve can be seen. 
 
The histology images of the specimen 1015.2 left Median Nerve are shown below in 
Figure 5.5. The anatomy of the nerve is distinct in Figure 5.5 (a), with the perineural 
septum of the fascicle. The perineurium layer can be viewed clearly distinguished. 
Figure 5.5 (b) shows the axons and the myelin sheath of the nerve. The myelin 
sheath appears to be unclear. 
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 Figure 5.5 Histology image of a) 1015.2 Left Median Thiel nerve b) Histology image 
showing the axons and myelin sheath 
 
5.3 Comparison between the fresh nerves and Thiel nerves 
The fresh cadaveric nerves and recently embalmed Thiel nerves were able to 
provide better quality microultrasound images than the older Thiel embalmed 
human nerves. The time from embalming of the Thiel nerves are given in Chapter 4, 
section 4.2.  It is possible that the denaturation of proteins caused by the 
embalming process makes the Thiel embalmed samples hypoechoic. It may also be 
that the older nerves have dried out after the embalming process, which involves 
submersion in a tank of fluid, is complete, such that the exterior of the nerve is 
hyperechoic, attenuating the signal energy reaching the fascicles. Based on the 
many images obtained of nerve tissue, it seems the longer the time since the 
embalming, the poorer the visualization of the fascicles. The old Thiel nerves can be 
used for experimentation but because of the poor quality of images the specimen is 
suitable for only single use. Single use of Thiel nerves, increases the number of 
specimens needed for the experiments. Recently embalmed samples provide an 
image quality similar to fresh cadaveric nerves and also can be used multiple times. 
 
The histology images of the fresh cadaveric and Thiel nerves shows that the rate of 
shrinkage of tissues is greater in fresh cadaveric nerve specimens than the Thiel 
nerve specimen. In fresh cadaveric nerve specimen, the axons and myelin sheath 
together appears to be doughnut shaped whereas in the case of Thiel nerves they 
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appear to be smudged. It may be assumed that the Thiel processing causes changes 
in structure of the nerve at microscopic level.  
 
5.4 Summary 
Fresh cadaveric human nerves and Thiel embalmed nerves were compared in order 
to determine a good model for the regional anaesthesia study. The microultrasound 
images and the histology images were compared. It was found that the fresh nerves 
provide a better quality images than the Thiel nerves. Because of the limited 
availability of the sample and the limited experimentation time the suitable 
alternative available is recently embalmed Thiel nerves (<12 months), which 
provide similar image quality to the fresh nerves. Hence both the fresh nerves and 
recently embalmed nerves are a good model for the study of regional anaesthesia. 
Old Thiel nerves would appear only to be adequate for a single time use. 
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Chapter 6 
Results -Needle Insertion Experiments 
In order to study the mechanical damage caused by the anaesthetic needles during 
regional anaesthesia, needle insertion experiments were carried out. The set up 
and the methods are described in Chapter 3. These needle insertion experiments 
were carried out in 3 stages: before insertion, with the needle inserted into the 
nerve and after pulling out the needle. The results obtained are presented below.  
 
6.1 Needle Insertion Images from the Microultrasound scanner 
 The needle insertion experiments were carried out in the following samples: 
978.13 Right Median Thiel Nerve, 1084.1 Right Median Thiel nerve and 1114.3 Right 
Median Fresh nerve.  The RF data was acquired using the 30 MHz and 45 MHz 
transducer.  The 45 MHz transducer was mainly used in order to see how the 
microultrasound images would appear with a better resolution. The fascicles and 
the needle inserted are indicated. 
 
978.13 Right Median Thiel Nerve 
 The images for 978.13 Right median nerves, are presented in Figure 6.1. The 
45 MHz transducer was used. The images are presented in the order of the 
experiments carried out:  before insertion, with the needle inserted into the nerve 
and after pulling out the needle. 3D stacks of the 3 stages are also presented in 
Figure 6.2.  
 
In Figure 6.1 (a) the fascicles of the nerve can be seen clearly along with the 
substrate agar. This image was taken before the needle was inserted into the nerve. 
Figure 6.1 (b) shows the microultrasound image of needle inserted into the nerve. 
The shape and orientation of the fascicles in the nerve have changed when the 
needle was inserted into the nerve. The image also shows the fascicles being 
separated from each other. Here the needle is inserted interfasicularly or 
subepineurally as the needle is not penetrating into the fascicle. The needle 
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penetrates only the epineurium of the nerve and whereas the perineurium of the 
nerve remains intact. The Figure 6.1 (c) shows the microultrasound image of the 
nerve after the needle is pulled out of the nerve.  
 
Figure 6.1 Microultrasound scans of needle inserted into 978.13 Right Medial Thiel 
nerve (a) before insertion (b) With the needle inserted into the nerve (c) After 
pulling out the needle using the transducer 45 MHz 
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Due to the elastic property of the tissues the fascicles return to their original shape 
and orientation once the needle is withdrawn. In comparing Figure 6.1 (a) and 
Figure 6.1 (c), differences in the alignment of fascicles can be seen along with the 
disintegration of epineurium can be seen in Figure 6.1 (c). 
 
3D stacks of microultrasound images of the needle insertion experiments are 
shown in Figure 6.2. The stacking of the microultrasound images gives better 
visualization of the needle penetrating the epineurium and the needle separating 
the fascicles. This can be better visualized in the video which can be found in the CD 
at the back of this Thesis. 
 
 Figure 6.2 3D stacks of microultrasound scans of Thiel embalmed human peripheral 
nerve 978.13 a) Before insertion (b) With the needle inserted into the nerve (c) 
After pulling out the needle 
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1084.1 Right Median Thiel nerve 
The microultrasound images of the needle insertion experiments carried on 1084.1 
Right Median Thiel Nerve are shown in Figure 6.3.  30 MHz transducer was used for 
acquiring the data. 
 
 Figure 6.3 Microultrasound scans of needle inserted into 1084.1 Right Medial Thiel 
nerve (a) before insertion (b) With the needle inserted into the nerve (c) After 
pulling out the needle using the transducer 30 MHz 
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While carrying out this experiment it was very difficult to hold the specimen firmly. 
The microultrasound image of 1084.1 Right Median thiel nerve before insertion is 
given in Figure 6.3 (a). Compared to Figure 6.3 (a), the fascicles is not that clearly 
visible as the specimen has been repeatedly used for trial experiments thereby 
affecting the properties of the tissue. In Figure 6.3 (b) the needle inserted cannot be 
seen clearly. The needle and the fascicles are clearer when each microultrasound 
images generated of the needle being inserted into the nerve are stacked together 
to form 3D stack and rotated 360˚. The needle passes through the nerve 
interfasicularly or subepineurally. The fascicles tend to separate from each other 
when the needle is inserted into the nerve. Figure 6.3 (c) shows that the orientation 
of the fascicles has been changed when it is compared with Figure 6.3 (b). The 
fascicles return back together due to the elastic property of the tissues, once the 
needle is removed.  When the needle was inserted into the nerve, the fascicles had 
a tendency to rotate within the epineurium. This was mainly because the 
epineurium was disintegrated due to repeated experiments and the epineurium 
was not intact enough to hold the fascicles together. The disintegrated epineurium 
can be seen floating in the deionized water which can be seen in Figure 6.3 (c) as 
well. 
 
1114.3 Right Median Fresh nerve 
Figure 6.4 shows the images obtained from the different stages of microultrasound 
scanning of the specimen 1114.3 Right median Fresh nerves. The transducer used 
was the 30 MHz one. 
 
In Figure 6.4 (a) the ultrasound scan of the 1114.3 Right Median Fresh nerve clearly 
shows the fascicles and the substrate agar. Here the nerve appears to be 
maintaining the circular shape. This is mainly because when the fresh nerve 
specimens are kept for long period of time in deionized water, the specimen 
absorbs the water, giving the nerve a circular shape. The second stage of the needle 
insertion experiment was taking microultrasound scans with the needle inserted. In 
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Figure 6.4 (b) the needle that was inserted into the nerve cannot be seen at all, but 
the dent made by the needle can be seen in the ultrasound scan. These 
experiments were carried out as a pilot and hence the microultrasound scanner was 
not optimized. Hence the ultrasound images are not as good as required. It can be 
seen clearly that when the needle is inserted, the needle penetrates the fascicles 
(intrafascicularly / subperineurally).  Figure 6.4 (c) shows the big fascicle in Figure 
6.4 (a) being divided into two smaller ones, the divided fascicles marked with 
arrows. 
 
Figure 6.4 Microultrasound scans of needle inserted into 1114.3 Right Medial Fresh 
nerve (a) before insertion (b) With the needle inserted into the nerve (c) After 
pulling out the needle. 
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6.2 Summary 
The needle insertion experimental results showed that there is mechanical 
damage caused by the needle being inserted into the nerve. The fascicles had a 
tendency to move away from each other, bend or split when a needle was inserted 
into the fascicle. Sometimes, the fascicles had a tendency to rotate within the 
epineurium causing the needle to penetrate interfasicularly/subepineurally.  
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Chapter 7 
Discussion 
Nerves resected from Thiel embalmed cadavers and cadavers prior to 
embalming were used as specimens for this study to evaluate whether Thiel nerves 
and microultrasound imaging is a suitable model for assessing possible nerve 
trauma with subepineurial and subperineurial needle insertion during regional 
anaesthesia.  
The results from the conventional Z-one Zonare clinical Ultrasound system 
presented in Chapter 4 explain the problems faced by the clinicians. The images 
obtained show the subepineurial nerve tissue but fail to distinguish the anatomy of 
the nerve structure. The transducers used were 7 MHz and 12 MHz respectively. 
The needle insertion experiments carried out show the difficulty in visualizing the 
tip of the needle and the needle as a whole. The angle of insertion of the needle for 
the experiments was less than 45˚ as it is difficult to visualize the needle at a 
greater angle. As an improvement microultrasound imaging is proposed with a 
greater frequency but with a trade-off of depth. 
The transducers used for microultrasound imaging were 30 MHz and 45 MHz. The 
microultrasound results clearly show the morphology of the peripheral nerves. The 
gray scale images and colorized RF images obtained from the microultrasound 
scanner are presented in Chapter 4.  It was possible to identify the subepineurial 
and subperineurial nerve tissue using microultrasound. The microultrasound was 
able to show larger fascicles (greater than half a millimeter). It is believed that with 
better optimization of the scanner improved microultrasound images will be 
possible but again at the expense of imaging depth. A higher frequency transducer 
than the current one (30 MHz or 45 MHz) can be used for getting microultrasound 
images with better resolution.  Changes in the parameters of the microultrasound 
scanner can also contribute to better optimization of the system. The quality of the 
nerve specimen itself is a major factor which can help in getting good 
microultrasound images. Statistical analysis was carried out in order to test the 
repeatability of the nerve diameters. The statistical analysis showed that six 
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equidistant microultrasound scans obtained from each specimen are dependent on 
each other proving that there is not much difference between the six individual 
scans. There was a slight difference in the nerve diameter between some 
microultrasound scans, this was mainly because in some specimens the epineural 
layer of the nerve had disintegrated and was floating in the water used as couplant. 
Some microultrasound images showed the epineural layer and some images failed 
to show this disintegrated layer. The statistical analysis showed variance between 
the repeated nerve diameters data obtained from each specimen proving that 
nerve diameter is independent for each specimen.  
 
The histology process was optimized in order to study the morphology of the nerve. 
The optimized Method 1 and Method 2 were found to be better than standardized 
methods for studying and visualizing the anatomy of the nerve.  During the 
histology process shrinkage of the nerve specimen was noticed. There was about 
20-30% decrease in specimen area from the original. The shrinkage of tissues 
happens during histology processing mainly due to dehydration and clearing. In 
Thiel specimens, as the nerve sample is more soft and flexible than the fresh 
nerves, there is a mushrooming effect noticed. The mushrooming of the nerve 
happens while cutting the specimens. It is assumed this is mainly because of the 
disintegration of the epineurium in Thiel specimens. The histology images were 
found to show a larger number of fascicles than the microultrasound images 
because smaller fascicles can be visualised. 
 
When we compare histology images with the microultrasound images, changes in 
the overall shape of the nerve can be noticed. It is difficult to maintain the shape of 
the specimens during the histology process due to various factors; keeping the 
specimen for a longer time in deionized water causes absorption of water into the 
tissue; handling of the tissue during cutting as the specimen has to be of smaller 
size (less than 1cm) since it will affect the diffusion rate of osmium tetroxide, 
dehydration and clearing process of histology; mushrooming effect. The shape of 
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the nerve is altered only in the case of epineurium layer; the remaining anatomy of 
the nerve is preserved intact. A strong correlation is found between the 
microultrasound images and histology sections of the specimen. Both 
microultrasound image and histology section can provide information such as size 
of the nerve, number and size of individual fascicles, the pattern and distribution. 
The histology images showed a greater number of fascicles than microultrasound 
images, as expected because the resolution of the ultrasound image is 
approximately 100 μm, limiting the minimum feature size that can be resolved to 
approximately 500 μm. The differences in the results between microultrasound 
images and histology images could be reduced with better optimization of the 
microultrasound scanner. 
 
The microultrasound and histology results demonstrate that nerves from Thiel 
embalmed human cadavers can be used as a model for the continuing study of 
subepineurial and subperineurial needle insertion.  The initial quality of the 
resected nerves, particularly the integrity of the epineurium, affects both the 
microultrasound image quality and the quality of the histology sections.  The nerves 
should be resected very carefully, and with a layer of fat or surrounding tissue to 
minimize the potential for damage to the epineurium, consequently minimizing the 
chance of the epineurium disintegrating when immersed in fluid for the 
microultrasound imaging. During histology processing, it can be very difficult to 
maintain the original shape of the epineurium as it can disintegrate. A layer of 
surrounding tissue would reduce this effect, and help to maintain the overall 
shape.  
 
 Nerves from older cadavers, those with a longer time since embalming, yielded 
poorer quality images because the tissues at the surfaces became hyperechoic, 
reducing the visibility of the fascicles as presented in Chapter 5. This may be due to 
fluid loss once the cadaver is no longer submersed in the embalming fluid 
or ongoing changes to the tissue microstructure due to embalming fluids. Further 
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research is required to understand the changes in tissue microstructure over time. 
The Thiel embalming process does denature the proteins in the tissues, which may 
contribute to the quality of the microultrasound images. It also affects the outcome 
of the histological processing and staining of the Thiel nerve tissues.  Some of the 
challenges in histological processing can, however, can be overcome with the 
modified fixing and staining processes presented in Chapter 4.  
 
Although the fresh nerves are a good model for this study, as demonstrated by the 
visibility of the fascicles in the microultrasound images, the limited availability of 
the fresh cadaveric human nerves and the limited time for experimental 
measurement before the fresh nerves begins to decompose is a major factor that 
has to be considered.  The Thiel nerves ( >24 months since embalming) can be used 
for the microultrasound experiments, but are fit for just a single use as long 
exposure of the specimen in deionized water during experiments causes the 
epineurium to disintegrate. Further research needs to be carried out to determine 
whether it is really the deionized water or the Thiel processing that causes the 
disintegration of epineurium. The Thiel nerves from the more recently embalmed 
cadavers provided microultrasound images that were similar quality, with similar 
visibility of the fascicles to the fresh nerves.  It is therefore recommended to use 
Thiel nerves from more recently embalmed cadavers (<12 months since 
embalming) for further research in regional anaesthesia with microultrasound.  
 
The results presented in Chapter 6 show that there is mechanical damage caused to 
the nerves when the needle is inserted into the nerve. It was very difficult to insert 
needle into the nerve purposefully as the perineurium layer offers resistance to the 
force that is applied on the nerve. When the needle was inserted into the nerve the 
fascicles always had a tendency to move away from each other. The fascicles might 
behave different in this same scenario of needle being inserted into the nerve in 
vivo as the nerve is held firmly by the surrounding structures. The point of insertion 
whether it is interfasicularly (subepineurally) or intrafascicularly (subperineurally) 
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can be known only with the help of microultrasound. It was very difficult to hold the 
specimens in place with the needle tissue holder (NTH) and angle needle holder 
(ANH) designed. The problems faced with the NTH were that it was difficult to hold 
the specimens firmly at one position and the angle of insertion of needle was less 
than 30˚. When I tried to insert the needle into the nerve, the specimens moved 
out of place, as the tissue holder was not firm enough and the depth of the petri 
dish was not deep enough to hold the agar, specimen and the holder on top. The 
agar layer was about 9 mm thick which made it difficult to hold the needle once it 
was inserted. As an improvement in the NTH design the ANH was designed. The 
specimens were cut to longer lengths (5cm – 8cm) so that the specimens could be 
held firmly on either side using insect pins. On insertion, the needle passed through 
the nerve and then into the agar. Due to the lack of depth of the petridish, the 
transducer was contacting the needle which was held at an angle of 45˚. A solution 
to this is to use petri dish with greater depth. Once the needle was pulled out there 
was no damage to the nerve visible to the naked eye as the fascicles came back 
together due to the elastic property of the tissues. Therefore histology processing 
was done on one of the specimens to study the mechanical damage. It was difficult 
to pin point the tear caused by the needle in the tissue as the histology processing 
caused shrinkage of tissues and caused gaps in the tissues. More advanced studies 
have to be conducted to study the degree of mechanical damage caused by the 
needles on the nerves. 
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Chapter 8 
Conclusion and Future Work 
 
The images obtained from the microultrasound scanner showed that 
microultrasound can be used to visualize the morphology of the peripheral nerves. 
The microultrasound images showed subepineural tissue and subperineurial tissue 
of the nerve. The histology process was optimized for studying the morphology of 
the nerve. The histology images obtained using the optimized method showed 
clearly the anatomy of the nerve (subepineural & subperineurial tissues). 
Comparison between the microultrasound images and histology images was carried 
out and the histology results validated the microultrasound scanner results. The 
histology images showed more fascicles than the microultrasound images. The 
microultrasound results could be improved with better optimization of the 
microultrasound scanner. Comparison between Thiel nerves and fresh nerves was 
carried out as well in order to determine a good model for the study of regional 
anaesthesia. The Thiel nerves (>24 months) can be used as a model for the regional 
anaesthetic study but only for a single use because of the disintegration of the 
epineurium.  From this study, It can be concluded that both fresh cadaveric nerves 
and nerves from recently embalmed cadavers (<12 months) are a good model for 
evaluating the trauma that can occur with inserting needles into nerves. 
Considering the availability and the very short experimentation time with the fresh 
nerves, recently embalmed Thiel human nerves can be considered as the best 
alternative. Depending on the nature of experiments, Thiel nerves (>24 months & 
<12 months) can be used as model for future translational regional anaesthesia 
research.  
 
The needle insertion experiments were carried out in three stages: before insertion, 
with the needle inserted and after pulling out the needle. The results from the 
needle insertion experiments showed that there is mechanical damage caused to 
the nerve by the anaesthetic needles if they are inserted into the nerves.  The 
needle insertion experiments shows that the nerves tend to split or move away 
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from each other and sometimes the fascicles had a tendency to rotate within the 
epineurium, when an anaesthetic needle is inserted.  These results prove that there 
are changes in subepineurial and subperineurial tissues during needle insertion and 
during needle withdrawal. All these results points in the direction that 
microultrasound has a great potential  both for continuing the study of any damage 
to nerves during regional anaesthesia, and improved image guidance for 
anaesthetic needle placement.  
 
Restating the primary and secondary aims: 
 
Primary Aim: To validate micro-ultrasound scanning against histology staining when 
used to describe the anatomy of the Thiel embalmed human peripheral nerve. 
Secondary aims:  
I. To validate Thiel embalmed human peripheral nerve compared to fresh 
cadaveric human nerves. 
II. To describe changes in subepineurial and subperineurial tissues during 
needle insertion and during needle withdrawal 
III. To describe changes in subepineurial and subperineurial injection after 
injection of fluid 
IV. To provide a model for future translational regional anaesthesia research 
 
To conclude, histology methods were used to validate the microultrasound 
scanning results and proved that both microultrasound and histology methods can 
be used for studying the morphology of the Thiel embalmed human peripheral 
nerves and fresh nerves. The needle insertion experiments conducted showed that 
there is mechanical damage caused to the nerves by the needle. The fascicles had a 
tendency to split, bend or move away from each other. 
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Further studies have to be conducted in order to get a better understanding 
of the behavior of Thiel nerves or fresh nerves for the study of mechanical damage 
caused by needles during regional anaesthesia.  As mentioned before in Chapter 7, 
it is difficult to point out the site of needle insertion once the needle is pulled out 
using microultrasound imaging and histology methods. The microultrasound 
imaging shows some changes in the nerve structure where as it is difficult in the 
case of histology as there is shrinkage of tissue during the histology processing. This 
study can be improved by using dyes at the site of injection. It will be an advantage 
for the histology study also as it is very difficult to pin point the site of injection 
without any mark. Indian ink can be used as injection fluid. The usage of dyes was 
not carried out here because of the limited availability of time. Apart from this as 
explained in chapter 7, the fascicles might behave differently if the nerve is held 
together firmly with surrounding structures as muscles. Needle insertion 
experiment should be conducted on a piece of tissue which includes nerves and 
surrounding structures like fat layer, muscles and tendons in order to study the 
behavior of the nerve and the damage caused by the needles.  
 
This preliminary data collected so far show great promising potential for 
microultrasound in this work especially in the application of developing the 
technology of microultrasound built into a needle.  
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APPENDIX A 
AGAR RECIPE  
 Weigh granulated agar powder in a weighing scale (2%-4%) and put it in a 
glass beaker.  
 Simultaneously, measure (98mL- 96mL) of degassed water in a measuring 
jar.  
 Add both the ingredients together and stir well.  
  Place the mixture in a microwave and microwave it with increments of 5 
minute time.  
 After each 5 minutes, make sure that the mixture is taken out of the 
microwave and is stirred well.  
 This is done until the agar granulates are completely dissolved. It should be 
noted that the mixture should not be brought to boil as it will create lot of 
bubbles in the mixture. Also over heating causes the mixture to spill. So care 
must be taken when the mixture is heated. 
 Once the agar granulates are properly diluted, the agar mixture is poured 
into a petri dish and kept to set for about 30 minutes. 
 The agar can be reused again after the experiments. It should be kept in 
fridge once the experiments are done. 
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APPENDIX B 
STANDARD PROCEDURE OF FIXING AND STAINING 
 
Fixation- Formaldehyde was used as fixative. Formaldehyde was in 10% buffered 
form. Both formaldehyde and formalin can be used as fixatives. Pure formaldehyde 
which is in a vapour state dissolved in water gives formalin which is 37-40% 
formaldehyde. Formaldehyde fixes proteins and amino acids in the tissue. 
Processing-The following are the several percentages of ethanol, xylene and molten 
wax used for dehydration, clearing and infiltration of the tissue. 
50% Ethanol     1 Hour 
 70% Ethanol     1 Hour 
80% Ethanol     1 Hour 
90% Ethanol     1 Hour 
100% Ethanol     1 Hour 
100% Ethanol     1 Hour 
100% Ethanol     Overnight 
Xylene      1 Hour 
Xylene      1 Hour 
Molten Wax     1 Hour (60˚ in Oven) 
Molten Wax     2 Hour (60˚ in Oven) 
Molten Wax     2 Hour (60˚ in Oven) 
 
Embedding-Since the microultrasound imaging is done in the transverse plane, the 
specimen is embedded into the molten wax in transverse plane as well. Suitable 
cassettes should be selected for embedding depending on the size of the specimen. 
Cutting-Sections are cut using microtome at a thickness 5 μm- 10 μm. Figure 3.5 
shows the embedded block attached to the microtome for sectioning. 
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                               Figure 3.13 Microtome with embedded tissue block 
Staining- The staining used was Haematoxylin & Eosin Stain (H&E). H&E which are 
counter stains were used for staining the soft embalmed Thiel human nerves. The 
hemalum which is an oxidative product of Haematoxylin stains the nuclei of cells 
with a bluish colour whereas eosin stains connective tissue, cytoplasm of the cell 
with a pinkish colour. The different steps of staining are given below. 
 Histoclear 1/Xylene    3 Minutes 
 Histoclear 2     3Minutes 
100% Ethanol 1    3 Minutes 
100% Ethanol 2     3 Minutes 
70% Ethanol     3 Minutes 
Tap Water     3 Minutes 
Mayer Haematoxylin    3 Minutes 
Tap Water     3 Minutes 
Scotts Tap Water    30 Seconds 
Tap Water     2 Minutes 
Eosin      5 Minutes 
Tap Water     10 Seconds 
95% Ethanol     15 Seconds 
100% Ethanol     2 Minutes 
100% Ethanol     2 Minutes 
100% Ethanol     2 Minutes 
Histoclear 3     3Minutes 
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Histoclear 4     3Minutes 
 
Mounting the cover slip-Circular cover slips of 16mm diameter is used. The 
thickness of each cover slip is 0.17mm. Styrolite is used as an adhesive for mounting 
the cover slip and is kept aside for drying. 
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APPENDIX C 
LABVIEW DESIGN FOR SMU SCANNER 
 
 
 
The Labview program for the Agilent oscilloscope DSO-X 3024A was designed and 
was successful. This designing was carried out as the SMU scanner broke down. This 
was an attempt to repair the SMU scanner which resulted in the oscilloscope 
working fine, but was unable to export the data from the oscilloscope to an excel 
sheet. 
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Background  
 Ultrasound guided regional anaesthesia (UGRA) is growing in popularity; 
peripheral nerves, needle and local anaesthetic injection may be visualized in real 
time. However a recent meta-analysis of randomized controlled trials has described 
the incidence of transient neuropathy secondary to UGRA in 7% of patients, 
probably related to nerve trauma. Decreased acoustic impedance of tissues, 
reduced visibility of the needle and limited resolution of the ultrasound probe may 
contribute to poor needle tip-nerve visibility resulting in nerve damage. Micro-
ultrasound techniques are increasingly used for high resolution small animal and 
human tissue imaging because anatomical structures may be visualized in greater 
detail compared to conventional B-mode ultrasound. However, microultrasound 
imaging of real time of UGRA has not been conducted and our hypothesis was that 
subepineurial and subperineurial tissue could be identified using this technology. 
Nevertheless, questions remain as to how well micro ultrasound imaging is able to 
visualize nerve anatomy and the tip of needle in real-time. 
Aims 
The aim of our study was to describe the anatomy of the human peripheral nerve 
using microultrasound scanning and validate our findings against histology staining. 
We also wished to describe changes in subepineurial and subperineurial tissues 
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during real time needle insertion and needle withdrawal and in doing so identify 
possible mechanisms accounting for post UGRA neuropaxia.  
Methods and Materials 
We used nerves resected from Thiel soft embalmed human cadavers and fresh 
cadaveric human nerves as specimens. We scanned nerves in the transverse plane 
using a 30 MHz transducer, with a resolution of about 100 μm on a dedicated test 
rig in the University department of Ultrasound. Radiofrequency (RF) data obtained 
from the micro ultrasound scanning was processed using MATLAB for developing B-
scan and 3D images. For validation of images we measured the nerve diameter, the 
number and size of fascicles, and their pattern and distribution. Micro ultrasound 
anatomy was validated with histology sections, taking into consideration the size of 
the nerve, number and size of fascicles, their pattern and distribution in the nerve. 
The specimens are obtained with the permission of Thiel cadaver advisory group. 
Results 
An example of a micro ultrasound scan obtained of resected fresh cadaveric human 
nerve is shown in Figure 1. The image shows the external size and shape of the 
nerve, and distinct fascicles >0.5 mm. Anatomical features such as the size, and 
shape of nerves and fascicles as well as perineurium and epineurium were similar 
using microultrasound and histology images as in Figure 2.  
 
Figure 1: Micro ultrasound scans of Fresh cadaveric right median nerve 1114.3 
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Figure 2: Comparison of histology image with microultrasound image 
 Our needle insertion experiments showed that the fascicles tend to rotate, move 
away or split when a needle was inserted into the nerve. 
Conclusion 
We have validated nerve cross sectional anatomical images using microultrasound 
compared to histology sections. Our preliminary needle insertion experimental 
results demonstrate mechanical damage when a needle is inserted into the nerve. 
Our data suggests that microultrasound has potential for real time imaging of 
the internal structure of the nerve during ultrasound guided regional anaesthesia. 
We expect resolution of images to improve with optimization of the 
microultrasound imaging.  
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Abstract 
Introduction 
Ultrasound guidance is the preferred modality for the conduct of regional 
anaesthesia because it provides good spatial resolution and real time visualization 
of local anaesthetic spread. However, the risk of nerve trauma still remains; limited 
acoustic contrast of tissues, reduced visibility of the needle and limited resolution 
of the ultrasound probe are all contributory factors to poor needle tip-nerve 
visibility. Our group was funded £10,000 by RA-UK in 2013 to investigate cadaveric 
nerve models and microultrasound imaging as effective tools for determining the 
mechanisms of nerve trauma caused by intraneural insertion of anaesthetic 
needles. 
 Methods and Materials 
Nerves resected from Thiel soft embalmed human cadavers (Thiel nerves) and fresh 
cadaveric human nerves (Fresh nerves) were used as specimens. Microultrasound 
scanning of nerves used a 30 MHz transducer, giving an image resolution of about 
100 μm. The radiofrequency (RF) data obtained from the microultrasound scanning 
was processed using MATLAB software for generating 2D and 3D ultrasound images 
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of the nerves.  Anatomy visualised with microultrasound was validated against 
histology sections. 
Results 
Anatomical features were similar in microultrasound and histology images. Our 
needle insertion experiments showed that the fascicles tend to move away or split 
when a needle was inserted into the nerve. 
Conclusion 
We have validated microultrasound with histology sections as a means of imaging 
nerve cross sectional anatomy. We have demonstrated mechanical damage real-
time when a needle is inserted into the nerve. Our data suggest that 
microultrasound has potential for real time imaging of the internal structure of the 
nerve during ultrasound guided regional anaesthesia. 
Keywords: Microultrasound, Ultrasound guided regional anaesthesia, High 
resolution, Thiel-embalming, Histology, and Staining. 
1. Introduction 
Regional anaesthesia is a mode of anaesthesia whereby a limb or anatomical region 
is rendered insensitive by application of local anaesthetic around peripheral nerves 
using fine needles. Ultrasound Guided Regional Anaesthesia (UGRA) is growing in 
popularity because of high spatial resolution which enables imaging of peripheral 
nerves (Zhu, 2013), and successful nerve block, accelerating surgical recovery. 
However a recent meta-analysis of 47 randomized clinical trials (Munirama & 
McLeod, provisionally accepted Anaesthesia, 2014) has shown an incidence of 
transient neuropathy >7% of patients using either UGRA or traditional peripheral 
nerve stimulation. Little evidence exists explaining the mechanisms of nerve trauma 
secondary to anaesthetic needles during UGRA. 
Nerve anatomy is illustrated in the schematic diagram in Figure 1. Each nerve is 
made up of a bundle of fascicles; the number of fascicles and the size of each 
fascicle depend on the location and type of the nerve (Bianchi, 2008). Each fascicle 
is protected by a layer called the perineurium. The nerve is protected by an outer 
connective tissue termed the epineurium. Current clinical thinking is that 
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mechanical damage is attributed to insertion of anaesthetic needles 
intrafascicularly (into the fascicles or subperineurial injection), but that inserting the 
anaesthetic needles interfasicularly (in between the fascicles or subepineurial 
injection) spares nerve damage (Bigeleisen, 2006b). However, no clinical test is able 
to accurately detect or differentiate between subperineurial or subepineurial 
injection during Ultrasound Guided Regional Anaesthesia (UGRA). 
Accidental nerve trauma during UGRA may be attributed to: (1) difficulty visualising 
the needle tip; (2) similar acoustic impedance between adjacent tissues, resulting in 
limited image contrast to visualise the nerve; and (3) insufficient resolution to 
differentiate between structures within the nerve (Einar 2009) since clinical 
ultrasound systems for UGRA use frequencies up to about 10 MHz providing an 
image resolution of 300 μm at best. 
 
Fig 1. Schematic diagram of the needle inserted into the nerve (a) subepineurial (b) 
subperineurial 
 
 
 
(a)                                                                                 (b) 
 
Micro-ultrasound techniques are becoming increasingly popular for high resolution 
small animal and human tissue imaging because more detailed tissue structures can 
be visualised compared to conventional clinical systems (Foster, 2012; Kuffler, 
2010). At a frequency of 30 MHz, the image resolution is approximately 100 μm. For 
the current study, images were obtained with a single element transducer 
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mechanically scanned across the tissue to build up a 2D cross-section image from 
the raw radiofrequency data lines received by the probe (Figure 2). With the 
continuing development of advanced systems and transducer array probes, image 
quality may be further improved, real time microultrasound images may be 
generated, and elastography used to generate a map of tissue stiffness at near-
cellular resolutions.  
However, questions remain as to how well microultrasound imaging is able to 
visualise nerve anatomy and the tip of needle in real-time. Our hypothesis was that 
subperineurial and subepineurial tissue can be identified and delineated using 
microultrasound scanning. Our aims and endpoints were as follows: 
 Primary Aim: To validate micro-ultrasound scanning against histology staining 
when used to describe the anatomy of the Thiel embalmed human peripheral 
nerve.  
Secondary aims:  
I. To validate Thiel embalmed human peripheral nerve compared to human fresh 
cadaveric human nerves. 
II. To describe changes in subperineurial and subepineurial tissues during needle 
insertion and during needle withdrawal 
III. To describe changes in subperineurial and subepineurial injection after injection of 
Thiel embalming fluid 
IV. To provide a model for future translational regional anaesthesia research 
 
Primary Endpoint:  
Identification of subepineurial and subperineurial nerve tissue using micro-
ultrasound and histology staining 
Secondary Endpoint:  
Observation of tissue changes during subepineurial and subperineurial needle insertion and 
injection 
Parallel applications 
The aim of creating and validating a model of subperineurial injection was to 
replicate intra-fascicular injection and we hoped to set a new standard for the 
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laboratory testing of the mechanisms of nerve damage. It is our intention that 
evidence from these studies is translated to development of new technologies such 
as design of an ultrasound array at the end of a needle to improve needle 
positioning. Our lead bioengineer, Dr. Demore, is leading an EPSRC funded project 
that is developing a neurosurgical biopsy needle with an ultrasound array at its tip, 
and she intends to lead further developments in new ultrasonic needle design for 
epidural and regional block needles and cancer biopsy and therapeutic 
interventional needles.  
2. Materials 
The specimens used for the experiments were soft embalmed Thiel human (Eisma 
et al., 2013) peripheral nerves and fresh cadaveric human peripheral nerves. The 
Thiel embalming process uses a mixture of salts and a small amount of 
formaldehyde for fixing the tissues, boric acid as disinfectant and monopropylene 
glycol to preserve tissue plasticity. Soft embalmed Thiel tissues can be used for 
anatomical study, clinical training and pre-clinical evaluation of medical devices 
because they retain the elasticity and much of the qualitative feel of fresh tissues 
(Kesting et al, 2008; Eisma et al., 2011). 
Tissue was handled according to procedures set out by the Anatomy Act of 
Scotland, 2006. Table 1 lists the Thiel soft embalmed cadaveric and fresh cadaveric 
human nerve specimens collected from the cadavers. Most specimens selected for 
the experiments were larger median nerves. 
Table 1. Characteristics of specimens. Length, diameter and duration of embalming. 
The numbering of the nerve for eg, 1015.2 correspond to, for example, cadaver 
number 1015 and the specimen number 
Soft embalmed Thiel human peripheral  
nerves 
Length 
(mm) 
Diameter 
(mm) 
Embalming age 
(months) 
1084.1 Right median 60 5 11 
1084.2 Right radial 50 2.3 11 
1084.3 Right femoral 40 2 11 
1084.4 Right sciatic 30 17 11 
978.9 Left median 50 7 28 
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978.12 Right radial 50 6 28 
978.13 Right median 50 5.8 28 
1015.2 Left median 60 12 20 
1020.1 Right median 60 7 20 
888.3 Right median 50 6 26 
Fresh cadaveric human peripheral nerves   
1114.2 Right femoral 40 3  
1114.3 Right median 50 3.75  
 
Fig 2.  (a) Measurement of length of the 1084.4 Sciatic nerve (b) Diameter of the 
nerve measured from microultrasound images (the measurements are 
crosschecked with the measurements taken from the ruler) 
(a)       (b) 
 
3. Methods 
3.1 Microultrasound Imaging 
The experimental set up of microultrasound scanning is as given below in Figure 3. 
The nerve specimens were placed on 3% or 4% Agar substrates, held in position 
with insect pins, and immersed in deionized water for imaging. A 30MHz 
transducer, connected to an ultrasound scanning system was mechanically scanned 
across the diameter of each nerve, at six equidistant planes as shown in Figure 4. 
The location of the imaged planes was marked for later histological sectioning. For 
obtaining the 2D microultrasound images the position of scanning along the length 
of the nerve was controlled manually. In the case of 3D imaging, it was possible to 
set the distance between two microultrasound images, in the microultrasound 
scanner so that each microultrasound image was obtained at an equal distance. 
Image processing such as contrast and brightness adjustment, despeckling, and 
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stacking of 2D images to form 3D stacks were performed using ImageJ (NLM, 
Washington DC). 
 
Fig 3. Microultrasound scanning setup with nerve specimen pinned on to the agar  
Fig 4. Nerves scanned at multiple, equidistant transverse planes. Histology sections 
were obtained from the same planes for comparison. 
 
Fig 3        Fig 4 
 
 
3.2 Histology 
We initially encountered difficulty in staining Thiel nerves and attributed this to the 
high concentration of salts in Thiel fluid that embed in tissue making staining 
difficult. We therefore conducted a preliminary study in order to investigate which 
fixatives and stains would optimize visibility of the internal structure of the nerves. 
The two different types of fixatives and stains used are listed in Table 2. 
For histology, we used formaldehyde (Bancroft, 2008) to fix proteins. The fixed 
tissue was dehydrated, cleared and infiltrated by passing it through alcohol and 
xylene. Once the clearing process was completed the specimens were embedded in 
molten wax and then cut into thin sections (5 μm- 10 μm) and put in a hot water 
bath for spreading the wax. The samples were mounted on glass slides from the hot 
water bath. Haematoxylin & Eosin (H&E) (Bancroft, 2008), were used for staining 
the soft embalmed Thiel human nerves. Haematoxylin stains the nuclei of cells with 
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a bluish colour whereas eosin stains connective tissue and cytoplasm of the cell 
with a pink colour. Staining was followed by mounting of the cover slip on the 
stained slide. However, the majority of the lipids in the nerve were washed away 
during the clearing process, when xylene was added for dealcoholization of the 
specimens. An improved histology process was therefore required to visualise the 
fascicles within the nerve tissue.  
Table 2. Histology fixatives and stains  
 
Alterations to the standard process were undertaken in fixing, cutting, mounting 
and staining. The new process used formaldehyde for fixing proteins in the tissue, 
followed by a lipid fixative, Osmium Tetroxide (Bancroft, 2008). Fixed tissue 
underwent stages of dehydration and clearing similar to the standard histology 
processing. Samples were cut at thicknesses between 5 μm and 12 μm. Thiel tissue 
has a tendency to swell when placed in a hot water bath. The temperature of the 
hot water bath was controlled to be between 50°- 60° and the sample was 
mounted on to a slide within a time period of 60s. The Osmium tetroxide fixes and 
stains the lipids in the specimen and reduces to the element Osmium when it 
combines with fat giving a blackish colour. H&E can be used as an additional stain 
Fixative Stain Section Size Fixative 
reacts with 
Components 
stained 
Standard procedure of fixing and staining 
Formaldehyde H&E   5 μm- 10 μm Proteins Nuclei (purple), 
cytoplasm (pink) 
Optimized procedure of fixing and staining 
Method-1 
Formaldehyde (1st 
fixative) and 
Osmium Tetroxide 
(2nd fixative) 
No stain 5 μm- 12 μm Proteins, 
lipids & fat 
Lipids (black) 
Method-2 
Formaldehyde (1st 
fixative) and 
Osmium Tetroxide 
(2nd fixative) 
H&E 5 μm- 12 μm Proteins, 
lipids & fat 
Lipids (black),  
Nuclei (purple) & 
cytoplasm (pink) 
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for staining the nuclei and connective tissue of the nerve specimens in order to 
clearly visualize the fascicles and the connective tissue separately. 
 
 
3.3 Needle Insertion set up 
A needle and tissue holder was designed in Solidworks (Dassault Systemes, France) 
and manufactured in polylactide, a polymer, using a 3D printer. The holder was 
designed to keep both the nerve and the needle stable during needle insertion. The 
preliminary needle tissue holder (Fig 5) was designed to fit into a standard petri 
dish. Nerves were placed between the two holding bars and a separate slot was 
designed for positioning the needle tip at the nerve. The preliminary needle tissue 
holder, however, was not strong enough as the holder was not able to hold the 
nerves firmly, shifting the nerve.  
Fig 5. (a) Preliminary Needle tissue holder design (b) Needle insertion set up with 
45° needle holder 
 
 
In order to standardize insertion angle, a new needle holder was designed in 
Solidworks. Fig 5 shows a drawing of the needle insertion mechanism set up at an 
angle of 45°. The microultrasound scanning of the needle insertion experiments 
was carried out in 3 stages: Before insertion of the needle, while the needle is in the 
tissue and after the needle is removed. 2D images and 3D images were obtained 
using this set up. 
4 Results 
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4.1 Microultrasound Imaging 
Microultrasound scans of resected soft embalmed Thiel human nerves and 
cadaveric human nerves are shown in Figure 6 and Figure 7. The Figure 6 shows B-
scan images and Figure 7 shows the colour scale images of the nerves tested. The 
ultrasound images show the dimensions, shape and internal structure of the nerve. 
The microultrasound scans showed fascicles >0.5 mm.  
Fig 6. Microultrasound scans of a) Thiel right median nerve 888.3 b) Thiel right radial 
nerve 1084.2 c) Fresh cadaveric right femoral nerve 1114.2 d) Fresh cadaveric right 
median nerve 1114.3 
 
Fig 7 Colour microultrasound scans of a) Thiel right median nerve 888.3 b) Thiel 
right radial nerve 1084.2 c) Fresh cadaveric right femoral nerve 1114.2 d) Fresh 
cadaveric right median nerve 1114.3 
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Ten slices of microultrasound images were obtained at an equidistance of 0.05 mm 
then stacked together using the software package ImageJ.   Fig 8 shows a 
microultrasound of 1084.2 radial nerve and its 3D stack. Changes in the structure of 
the fascicles along the length of the nerve are readily visualised using the 3D 
images. 
Figure 8: 3D stacks of microultrasound scans of soft embalmed Thiel human 
peripheral nerve 1084.2 radial nerve a) Fascicles obtained from the 3D stacks b) 
side view of stacked scans. 
 
 
 
4.1.1 Comparison between the soft embalmed Thiel human and fresh cadaveric human 
nerves 
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Fresh cadaveric nerves and recently embalmed Thiel nerves were able to provide 
better quality microultrasound images than older soft embalmed Thiel human 
nerves.  
 
 
 
 
 
 
Figure 9: Microultrasound scans of a) Thiel median nerve 1015.2 b) Fresh cadaveric 
right median nerve 1114.3 c) Recently embalmed Thiel radial nerve 1084.2 
 
 
4.2 Histology 
Standard procedure of fixing and staining 
The histology images using formaldehyde as fixative and H&E as stain are given in 
Fig 10. The internal structures such as myelin sheath and axons were difficult to 
visualize because lipid components were washed away during the clearing process. 
Moreover, the Thiel embalming process denatured proteins. The H&E stain did not 
stain the connective tissue or the cytoplasm of the cells, possibly due to the high 
concentration of salts in Thiel fluid. Thus, the standard procedure of using 
B 
C 
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formaldehyde as fixative and H&E as stain was not deemed suitable for studying the 
morphology of nerve.   
Optimized procedure of fixing and staining 
Method-1 
Histology images using formaldehyde as the first fixative and 1% Osmium tetroxide 
as the second fixative are shown in Figure 10 (b) and 10 (c). Osmium tetroxide fixes 
the lipid components in the specimen, stained black in Figure 10(c).  
Method-2   
The histology image using formaldehyde as the first fixative and 1% Osmium 
tetroxide as the second fixative with additional H&E stain, Fig 10(d), in order to 
distinguish the connective tissue around the fascicles. Connective tissue was 
stained pink and the lipid components and the fat in the specimen was stained 
black.  We endeavoured to keep minimize the length of the nerve in order to limit 
the diffusion rate of osmium tetroxide, and fixing time to 2-3 hours.  
Figure 10: Histology images of the nerve specimens A) standard procedure where 
formaldehyde is used as fixative and H&E is used as stain B) Optimized procedure: 
method-1 where Formaldehyde is used as the first fixative and Osmium tetroxide as 
second fixative with no additional stain C) Osmium tetroxide stains lipids and fat D) 
method-2 where Formaldehyde is used as the first fixative and Osmium tetroxide as 
second fixative with H&E stain. 
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4.3 Microultrasound Image and Histology 
The microultrasound results and histology images taken in the same transverse 
plane were compared and the results are given in the tables below. Both images 
were similar in pattern and distribution although histology showed a greater 
number of fascicles than microultrasound images. Microultrasound nerves were 
circular in shape whereas histology images showed smaller nerves. 
Nerve diameter followed a distribution when assessed by the Shapiro-Wilk and 
d’Agostino test. Repeated measures analysis of variance showed a difference 
between nerves but not within nerves (p<0.001). Post –hoc Bonferonni tests 
showed multiple differences between the sizes of nerves. 
Table 3. Nerve diameter (mm) measured per sample per nerve. 
Fresh Nerves Image1 Image2 Image3 Image4 Image5 Image6 
1114.3 Median Nerve 4 3 4 3.5 4 4 
1114.2 Femoral Nerve 3 3 3 3 3 3 
1084.1 Median Nerve 5 5 5 5 5 5 
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1084.2 Radial Nerve 2 3 2 2 2 3 
1084.3 Femoral Nerve 2 2 2 2 2 2 
1015.2 Median Nerve 12 12 12 12 12 12 
978.9 Median nerve 7 7 7 7 7 7 
978.8 Radial Nerve 6 7 6 6 7 7 
978.13 Median Nerve  6 5 6 6 6 6 
Fig 11. Mean nerve diameter in bold with 95%CI bound by dashed lines. 
 
Table 4. No. of fascicles measured per sample per nerve. 
Fresh Nerves Image1 Image2 Image3 Image4 Image5 Image6 
1114.3 Median Nerve 4 5 6 3 3 3 
1114.2 Femoral Nerve 3 3 2 0 2 3 
1084.1 Median Nerve 2 3 3 3 2 3 
1084.2 Radial Nerve 3 3 3 3 3 3 
1084.3 Femoral Nerve 1 2 2 2 2 2 
1015.2 Median Nerve 1 1 1 0 0 0 
978.9 Median nerve 5 5 5 5 5 5 
978.8 Radial Nerve 2 1 2 1 2 3 
978.13 Median Nerve  2 2 3 4 4 4 
 
Figure 12: Comparison of histology image with microultrasound image 
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4.4 Needle Insertion Experiments 
The microultrasound scanning of the needle insertion experiments was carried out 
in 3 stages: Before insertion of the needle, with the needle inserted into the nerve 
and after pulling out the needle as given in Figure 12. The primary needle tissue 
holder was used for these experiments. 
 
Fig 13. Microultrasound scans of needle inserted into the nerve (a) before insertion 
of the needle (b) during needle insertion into the nerve and (c) after pulling out the 
needle. 
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The microultrasound scans showed changes in the tissue when the needle was 
inserted into the nerve. The fascicles had a tendency to move away from each other 
and fascicles split into two as shown in figure 12(C). When the needle was inserted 
into the nerve the fascicles had a tendency to rotate within the nerve. It was 
difficult to say exactly where the needle was inserted at the beginning of the 
experiments. The position of the needle was only seen after the microultrasound 
scans were completed. 
5. Discussion 
We have validated microultrasound as a means of measuring the morphology of 
Thiel embalmed and fresh human nerves. Both microultrasound image and 
histology sections provided information such as size of the nerve, size of individual 
fascicles, number, and the pattern and distribution of fascicles. 
We optimized the histology process order to study the morphology of the nerve 
and observed a 20-30% decrease in specimen volume as expected (Bancroft, 2008) 
due to dehydration and clearing. Histology images had a larger number of fascicles 
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than the microultrasound images because the resolution of the ultrasound image is 
approximately 100 μm, limiting the minimum feature size that can be easily 
resolved to approximately 500 μm Images will improve using more advanced 
microultrasound techniques. The size of Thiel specimens may be also attributed to 
greater absorption of water and handling during cutting of the specimen. 
 
The quality of the resected nerves, particularly the integrity of the epineurium, 
affected both the microultrasound image quality and the quality of the histology 
sections.  The nerves should be resected very carefully, and with a layer of fat or 
surrounding tissue to minimise the potential for damage to the epineurium. A layer 
of surrounding adipose tissue and muscle tissue would reduce damage and help to 
maintain the shape of the nerve.  
  
Nerves from older cadavers yielded poorer quality microultrasound images because 
the tissues at the surfaces became hyperechoic, reducing the visibility of the 
fascicles. This may be due to fluid loss once the cadaver is no longer submersed in 
the embalming fluid, or continuing changes to the tissue microstructure by the 
embalming fluids; further research is required to understand the changes in tissue 
microstructure over time. The Thiel embalming process does denature the proteins 
in the tissues, which may contribute to the quality of the microultrasound images, 
and also affects the outcome of the histological processing and staining of the Thiel 
nerve tissues.  Some of the challenges in histological processing can, however, are 
overcome with the modified fixing and staining processes presented in this report.  
 Although fresh nerves were a good model, rate of decomposition must be 
considered.  Thiel nerves from more recently embalmed cadavers provided 
microultrasound images of similar quality, and similar visibility of the fascicles to 
fresh nerves.  We would recommend using Thiel nerves from more recently 
embalmed cadavers (likely <12 months since embalming) for further research in 
regional anaesthesia with microultrasound. 
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We also believe that the better optimization of the scanner and higher frequencies 
(>30MHz) will provide better microultrasound images. Hi-end systems such as that 
provided by Verasonics and programmed in MATLAB language are ideal for 
laboratory research. They offer, in addition, all additional features of ultrasound 
such as elastography. This will enable visibility of stiff anatomical features, fascicles 
and fluid spread within and out with nerves. 
6. Conclusion 
We have shown that microultrasound may be used to visualise the morphology of 
peripheral nerves. Microultrasound was validated with histology. Our preliminary 
results show that intraneural needle insertion splits fascicles or pushes fascicle 
away from each other. We have also demonstrated that fresh cadaveric nerves and 
nerves from recently embalmed cadavers are a good model for evaluating nerve 
trauma that can occur with inserting needles into nerves. We conclude that 
microultrasound offers a good model both for studying nerve damage during UGRA 
and potentially a future technology for anaesthetic needle placement.   
. 
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